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ABSTRACT
Air injection is a proven, viable process for improving oil recovery from light-oil 
reservoirs. As a result, it has generated much interest in recent years. Air is a cheap and 
abundant injectant gas and is a possible alternative to high-cost hydrocarbon and CO2 
gases.
The feasibility o f air injection into light oil reservoirs relies on the ability to achieve 
spontaneous ignition and complete oxygen utilization from the injected air by reaction 
with the crude oil in the reservoir. This process generates flue gas and thermal effects to 
displace residual oil.
Therefore, it is essential to know whether, or not, self-ignition will occur in the field. 
Consequently, a high pressure accelerating rate calorimeter, termed the PH1-TEC II, 
was used to follow the adiabatic exotherm obtained when oil reacts with air, and when 
reservoir rock and water are present. The PHI-TECII was modified during this research 
to accommodate continuous flow o f air and extend its capability to operate at pressures 
up to 400 bar. The flowing device has shown to be a good solution for overcoming the 
drawbacks associated with the original closed PH-TECII system, mainly because the 
oxygen pressure is kept constant throughout the experiment. A series o f flowing tests 
was conducted on oil-water-rock systems from four North Sea light oil reservoirs and 
an Australian light oil reservoir in order to evaluate, screen and study the main factors 
affecting the potential o f the air injection process. The PHI-TECII experimental method 
is described and its development for continuous flow experiments is discussed.
The deliverables from the experiments were: determination o f the reaction onset 
temperature, whether a particular oil would auto-ignite, identification low temperature 
oxidation (LTO) region, the heat evolved from the oxidation reactions and estimate o f  
the Arrhenius oxidation kinetic parameters for predicting field performance. In addition, 
the produced gas phase was analysed to follow the oxygen uptake and produced carbon 
oxides history. The exotherms obtained generally exhibited two regions. First a low 
temperature oxidation (LTO) region, extending to about 250 °C, followed by a high 
temperature oxidation (HTO) region extending to 500 °C, or more.
Furthermore, a region was observed in some o f the experiments during which there was 
a decrease, or discontinuity, in self-heat rate (SHR), following the LTO region. The 
oxygen consumption profile was consistent with the self-heat rate trend. This region is 
so called the negative temperature gradient region (NTGR). Increasing total pressure
i
caused the disappearance o f this region completely. However, it was found that the 
discontinuity in the exotherm could have be caused either by a very low reaction rate, or 
possibly the inability o f the PHI-TECII system to accurately follow very fast self-heat 
rates, higher than 200 °C/min. In a closed system, the discontinuity in the SHR profile 
may also be caused by a shortage o f oxygen at the start o f the HTO region.
The individual exotherm characteristics o f each light oil depend on the physical and 
chemical properties as well as the associated reservoir rock and reservoir fluid. The 
relationship o f the main reservoir parameters affecting crude oil oxidation; initial 
reservoir temperature, oil, water, rock and pressure have been defined in terms o f their 
exothermicity effects, using self-heat rate (SHR) and flue gas analysis (FGA) data. 
Increasing the oil saturation, oil/water ratio, oil/ rock ratio and pressure increased the 
self-heat rate, oxygen consumed, produced carbon oxides and maximum temperature. 
The SHR’s for Oils A, C and D suggest that the respective reservoirs are potentially 
good candidates for air injection, because the onset o f reaction occurred at temperature 
lower than the reservoir temperature. The high percentage o f CO2 in the ‘flue gas’ 
observed, indicates stable HTO. Oil E requires further evaluation at higher pressure as it 
has a low reservoir temperature. However, Oil Au exhibited a poor reactivity at low 
temperature and could not sustain high temperature combustion reactions. 
Recommendations for additional research to further understand the exothermicity 
characteristics and crude oil oxidation behaviour particularly at elevated pressures have 
been discussed.
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Crude oil and natural gas, like other natural resources, are finite resources. It is known 
how much o f each that has been produced and how much supply or reserves are 
currently have left. The demand for crude oil continues to increase combined with the 
increasing difficulty o f discovering new large reservoirs, as well as the decrease in 
conventional oil reserves, has generated special interest in Enhanced Oil Recovery 
(EOR). EOR is any method whereby oil and/or gas are produced by augmenting the 
natural reservoir energy. This results in incremental oil recovery that will extend the 
economic life o f the field and increase the ultimate recoverable reserves.
Oil Recovery Methods
Production from a reservoir usually begins with primary recovery. This is when the 
pressure in the reservoir is high enough to cause the oil to flow normally up to the 
surface without the addition o f any other energy. This includes expansion o f liquids 
such as water or gases present in the reservoir, gravitational force, and an explosive 
force due to the compaction o f poorly consolidated reservoir rocks. After a while 
though the natural energy in the reservoir is no longer sufficient to produce the reservoir 
efficiently. The next step usually is the injection o f water or gas so as to pressurize the 
reservoir and displace more oil. This is termed secondary recovery.
Primary recovery can vary from nil in the case o f say oil sands to about 50% of the 
original oil in place (OIIP) in the reservoir, depending on the reservoir characteristics as 
well as the type o f hydrocarbon and the reservoir drive. In the case o f water drive in a 
light oil reservoir recovery can reach 50%, or more with an efficient gravity drive. 
Secondary recovery can vary from zero, again in the case o f oil sands to a few percent 
with heavy oils and up to 20-50% o f light oil. This implication therefore is that a 
substantial amount o f the original oil in place is left behind using these methods and it is 
necessary to find ways o f recovering more o f this remaining oil.
Enhanced Oil Recovery (EOR)
EOR methods are usually divided into three broad categories as shown in Figure (1-1). 
The goal o f EOR processes is to mobilize or sweep the oil remaining after primary and 
secondary recovery (i.e., make unmovable oil movable). The efficiency o f an enhanced 
recovery method is a measure o f its ability to provide additional hydrocarbon recovery
1
to natural depletion or secondary recovery methods, at an economically attractive 
production rate. This achieved by enhancing microscopic oil displacement and 
volumetric sweep efficiencies. Oil displacement efficiency increased by decreasing oil 
viscosity (thermal and miscible flooding) or by reducing capillary forces or interfacial 
tension (chemical and miscible flooding). Volumetric sweep efficiency is improved by 
increasing the viscosity of displacing agent (polymer flooding). Furthermore to the 
enhanced recovery objective, gas injection such as natural gas, nitrogen, CO2 and air, 
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Figure (1.1) Oil Recovery Methods
Many oil reservoirs in the world, particularly in the USA, and North Sea oil reservoirs 
are mature fields. They have been produced to the point where the most economical, 
easy-to-get oil is exhausted. Yet, in many of these reservoirs, half to two-thirds of the 
original oil in the field remains. These oil fields face imminent abandonment as they 
approach their economic limit reservoirs. In "watered out" reservoirs, producers must 
often pull out, dismantling surface facilities, removing piping, and plugging wells. Even 
if the prices of oil rises in the future, the costs of returning this infrastructure to the field 
is exorbitant, well above the economic breakeven point even if oil prices rise 
substantially. The result is that substantial quantity of oil - half to two-thirds of the
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original oil-in-place - is abandoned. Essentially, it is lost forever. Miscible flooding 
(such as hydrocarbon, CO2, N 2 gases and air) is the only oil recovery process that has 
potential o f recovering additional oil from reservoirs that have been water flooded. Gas 
injection is generally a proven field technique for improving oil recovery from light oil 
reservoirs, if  hydrocarbon or other suitable gas is available at acceptable cost. 
Alternative gases, such as CO2 , N 2 and air, each have their individual merits. CO2 is 
attractive because it possesses a low minimum miscibility pressure can increase the 
sweep o f the reservoir, decrease fluid viscosity, increase in gas-oil ratio, and cause 
swelling o f the residual crude oil. However, it is extremely difficult to locate economic 
supplies outside naturally occurring reservoirs. Miscible performance o f N 2 is quite 
suitable for efficient oil recovery in high-pressure reservoirs, but again, the problem of  
availability arises, especially offshore. Air is freely available everywhere and generates 
CO2 and N 2 in-situ.
Light Oil Air Injection (LOAI)
Air injection into oil reservoirs has been widely used in the past for production o f  
viscous heavy oils, where the heat generated by in-situ combustion, exothermal reaction 
between oil and oxygen, is a necessary part o f the recovery process. Air injection has 
also proven itself as a viable process in improving oil recovery from several deep, light 
oil reservoirs, and as result, has generated much interest in the recent years (Kumar et 
al., 1995; Watts et al, 1997; Clara et al 1998; Greaves et al 1998; Gunawan, 1999; 
Kuhlman, 2000; Moore et al, 2001). In this case the heat generated, however, is o f  
secondary value and flue gas (CO2 and N 2) sweeping is the primary factor in displacing 
oil. Cheap and abundant, air is also touted as a possible alternative to a high-cost 
hydrocarbon and CO2 gases in certain circumstances or locations where water is scarce 
(Tiffin and Yannimaras, 1995; Fraim et al. 1997; Gillham et al., 1998; Surguchev et al. 
1999; Clara et al., 1999). The process works best for fields where the temperature is 
high enough for injected air to spontaneously oxidize the oil. The injected air is 
converted to flue gas, with about 13% CO2, in a low-temperature reaction zone (at 
reservoir temperature) near the injector, or high temperature combustion front. A flue 
gas displacement is generally immiscible, and is the most important recovery 
mechanism. Additionally, at high enough pressures, especially with lighter crude oils,
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flue gas can become miscible with the in-situ oil. Theoretically, complete oil recovery 
should occur leaving only the clean rock matrix behind the oxidation front.
Oxygen consumption prevents undesirable in-situ microbial activities in addition to 
reducing operational risks o f the fire in the production wells. Therefore, the key o f a 
successful air injection project into a light oil reservoir is to ensure the consumption of 
the oxygen by a fraction o f the oil in confined zone (combustion or oxidation front 
area).
The process o f air injection into a deep light oil reservoir is considered to cause 
spontaneous slow low temperature oxidation (LTO) reactions with the oil at reservoir 
temperature, and heat given off by these reactions, leads to spontaneous ignition. The 
oxygen is consumed by the oil in confined high temperature reservoir zone called 
combustion front (high temperature oxidation reaction). However for many oils and 
reservoir conditions, especially where the residual oil saturation post-water flood is low, 
the reaction may be limited to LTO at reservoir temperature (Sakthikumar et al., 1995; 
Greaves et al., 1998). In this case, oxidation reactions can be partial with a lower carbon 
oxides generation than in the previous case. In both cases, the most important concerns 
are: “Will the oil spontaneously oxidize, and what is the maximum temperature that can 
be reached in the reservoir?” Whether a reservoir would be a good candidate for air 
injection (LTO process) or combustion, which depends upon the reactivity o f the oil 
with oxygen and reservoir characteristics. These questions can be answered by 
accelerating rate calorimetry (ARC) tests.
Accelerating Rate Calorimetry PHI-TECII
The PHI-TEC II is similar o f accelerating rate calorimetry developed by Hazard 
Evaluation Laboratory (UK) for studying reaction kinetics by following reaction 
adiabatically. Accelerating Rate Calorimetry (ARC) is the only instrument currently 
available that is capable o f determining reaction kinetics parameters over an extended 
pressure range (0-400 bar). It was described and introduced into the air injection 
literature in 1991 by Yanimmars.
The PHI-TECII was modified at the University o f Bath to accommodate continuous 
flow o f air and extend its capability to operate at pressures up to 400 bar. The Heat- 
Wait-Search (HWS) is basically a common scanning operation during which the PHI- 
TECII is programmed to raise the system temperature in pre-determined steps after
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waiting and searching for a fixed period. If and when an exotherm is encountered, the 
oil is allowed to react with oxygen adiabatically at its inherent reaction rate. When the 
sample is reacting, there is no forced baseline heating, but the system boundaries are 
kept at a temperature equal to the system holder temperature to ensure adiabatic 
operation. Two techniques were used; a closed system where the test was carried out 
with a fixed volume o f air sealed in the sample bomb. The other technique was set up in 
flowing conditions in which the sample tested under a continuously airflow and an 
effluent gas analysis was obtained. For all (closed and flowing) tests, the onset o f  
reaction temperature at which the self-heat rate (SHR) was > 0.02 °C/min and a self­
sustained exotherm started.
A PHI-TECII test is run to study the oil reactivity and exothermicity characteristics and 
to obtain the Arrhenius kinetic parameters (as long as one or two reaction kinetic model 
can be fitted to the results), these parameters are activation energy, pre-exponential 
factor, and order o f reaction. In addition to starting temperature and extent o f the main 
exotherms, the heat rate profile (dT/dt) as a function o f temperature provides data on the 
exothermicity o f the oxidation reactions. This parameter also allows a first global oil 
characterization and classification with regard to oxidation reactions. In continuous 
flow tests, the cooled and dried effluent gas was continuously analyzed for its oxygen 
and carbon oxides content using gas analyzers. This was provided a very important 
insight into the performance o f oxygen removal capacity and behavior o f the 
combustion reactions.
Research Objectives
The main objectives that has achieved during this research were:
□ the PHI-TECII was modified to accommodate continuous flow o f air at constant 
pressure and extend its capability to operate at pressures up to 400 bar. The 
capability and limitation o f the system was also considered.
□ the main factors affect of exothermicity characteristics o f light crude oil during 
air injection process were studied.
□ to study the global oxidation behavior and reaction kinetics under adiabatic 
conditions, with the end purpose o f providing realistic data for incorporation 
into a numerical simulator which can be used to predict field performance.
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□ the potential o f five North Sea and one Australian light oils and their 
exothermicity characteristics were evaluated for the application o f air injection 
process using the modified PHI-TECII. The technique is based on examining the 
autoignition behaviour as well as the extent and continuity o f the exotherm trace 
obtained in PHI-TECII experiment.
Thesis Organization
A literature survey o f experimental studies on crude oil oxidations and air injection 
considerations is given in Chapter 2. A description o f the experimental apparatus 
together with the material used to modify the PHI-TECII to continuous flow is given in 
Chapter 3. Chapter 4 describes the experimental procedures and techniques used in this 
study as well as the discussion o f the theory o f data interpretation. The results o f  
experiments are presented in chapters 5 and 6. Chapter 5 presents critical appraisal o f  
the PHI-TECII reactor and the data interpretation and tests deliverable. Chapter 6 
discuses the main factors affected the exothermicity characteristics, the evaluation and 
screening o f a number o f light oil for air injection application. Finally the conclusions 




(AIR INJECTION INTO OIL RESERVOIRS)
Air Injection is developing as a broad based improved oil recovery technology, 
applicable over a wide range o f reservoir conditions, including heavy, medium and light 
oils. It is essential to distinguish the air injection technique applied to deep, light oil 
reservoirs from the process applied to heavy oil reservoirs, also called “in-situ 
combustion process (ISC) (Burger 1985). The air injection process for displacement o f  
light oils is fundamentally different than the heavy oil combustion process, (Fassihi et 
al., 1996; Torta and Singhal 1998; Clara et al.1998; Greaves et al., 1998; Moore et al.,
1998) the main differences between heavy and light oil reservoirs under air injection 
process include: For heavier crude oils, a heat and steam generation and subsequent 
viscosity reduction is the primary oil displacement mechanism. For this reason, in-situ 
combustion in a heavy oil reservoir should operate in the high-temperature oxidation 
(HTO) reaction regime. For light oils, however, the heat generated is o f secondary value 
and flue gas (CO2 and N 2) sweeping is the primary factor in displacing oil. In situ 
combustion sometimes requires an ignition operation in order to initiate the process 
(create heat wave), while the application o f air injection process into deep light oil 
reservoirs does not require any artificial means to ignite the oil formation. Also, light oil 
has higher reactivity, better oxygen utilization, than heavier crude oil. On the other 
hand, higher oxidation temperatures can be reached with heavy oils (HTO range 350- 
750 °C for heavy oil vs. 250-400 °C for light oils). This temperature difference comes 
from nature o f the fuel; more fuel o f higher density is burnt in heavy-oil reservoirs. 
Hence, in the literature, the oxidation o f light oils is mainly related to the low 
temperature range (Clara et al., 1998), while heavy oils are burnt according to low 
temperature oxidation reactions and high temperature oxidation reactions.
Turta and Singhal (1998) have classified air injection processes based an achievement 
of miscibility between oil and nitrogen and the dominance o f the high temperature or 
low temperature oxidation. According to this classification, the classical in-situ 
combustion process is an immiscible air flooding dominated by high temperature 
oxidation (HTO); and insitu combustion is usually associated with the heavy oil 
exploitation. For deep light oil reservoirs (high temperature and pressure), two other 
processes can develop: a miscible air flooding either dominated by high temperature 
oxidation or low temperature oxidation (at reservoir temperature).
In this chapter, the air injection techniques applied to the oil reservoirs (heavy & light) 
is firstly reviewed.
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2.1 IN SITU COMBUSTION {ISC} TECHNIQUE
A  viscous resistance to flow at reservoir temperatures, as mentioned earlier, impedes the 
recovery o f heavy crude oils. The heating o f heavy crude markedly improves their 
mobility and promotes their recovery. Heat may be introduced into the reservoir by 
injecting a hot fluid, such as steam or hot water, or by burning some o f the heavy oil in 
the reservoir, a process referred to as in situ combustion (ISC) or fire flooding.
ISC is process in which combustion is initiated when air or pure oxygen is injected 
down a well into the reservoir to propagate a fire front by burning a part o f the oil in 
place in order to produces heat to facilitate the flow o f the unbumed oil fractions 
(Burger et al., 1985; Prats, 1986). The heat generated is to be employed to:
1. Reduces the viscosity o f the oil, increasing its mobility. Increases sweep 
efficiency and reduce oil saturation.
2. Vaporize some o f the liquids in the formation generating steam and hot gases.
3. Produces miscible fluids by condensation o f the light components o f the 
vaporized oil.
The injection gas may be normal air, enriched air (usually pure oxygen) or depleted ab­
normal air blended with recycled product gas). The fuel for the process is normally 
assumed to be a coke-like substance, which is deposited on the mineral matrix by 
thermal cracking, or pyrolysis, reactions. These reactions occur on the leading edge o f  
the combustion region, where the oxygen concentration is assumed to be zero. The 
continuous injection o f air or oxygen-enriched air develops efficient pressure 
maintenance and/or gas derives mechanism. As a result the oil is more easily displaced 
to the well producers by the slow movement o f the burning front through the reservoir 
rocks.
In one variation o f the in situ combustion process known as forward combustion, air is 
injected into a well so as to advance the burning front and heat and displace both the oil 
and formation water to surrounding production wells. A modified form of forward 
combustion incorporates the injection o f cold water along with air to recover some o f  
the heat that remains behind the combustion front. In another variation o f in situ 
combustion called reverse combustion, a short-term forward bum is initiated by air 
injection into a well that will eventually produce oil, after which the air injection is 
switched to adjacent wells.
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Forward Combustion
The process may be conveniently divided into four zones, under steady-state conditions, 
as shown in figure (2-l)(Burger et al., 1985):
Zone 1: The burned zone. This part is totally clean and contains little or no hydrocarbon 
as combustion has taken place there already. The hot matrix heats the injected air, so the 
zone acts as a heat exchanger with the temperature decreasing towards the inlet.
Zone 2: The combustion zone. Oxygen is consumed by combustion reactions involving 
the hydrocarbons and the coke remaining in the rock surface. The temperature reached 
in this zone depends essentially on the nature of solids, liquids and gases present per 
unit formation volume.
Zone 3: The coke formation zone. The remaining oil, which has neither been displaced 
nor vaporized, undergoes pyrolysis. These cracking reactions may occur in the presence 
of oxygen, if the latter has not been completely consumed in the combustion zone.
Zone 4: The condensation zone. A steam plateau is formed and the distillation of the 
crude results in the lighter hydrocarbons being dissolved in the crude, thereby reducing 
it’s viscosity, increasing its mobility and enhancing oil displacement. The water 
condenses and a water bank is formed. Ahead of this an oil bank is formed, beyond 
which the reservoir matrix regains its original characteristics.
Typically equivalent of saturation burned within the burned region are in the range of
0.06 to 0.12; the rest of the crude is displaced.
Injector Well
T e m p e ia ftiie  P iofile p io .ig .ition  of th e  fion t




Figure (2-1) Schematic Illustration of Dry forward Combustion: 
Temperature and Saturation Profiles
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Temperature levels in dry combustion are affected by the amount o f fuel burned per unit 
bulk volume o f reservoir rock. The temperature levels in turn affect the displacement, 
distillation, stripping, and cracking, boiling o f the crude and formation o f “solid” fuel 
downstream o f the combustion front.
A characteristic o f the dry forward combustion process is that the temperature o f the 
burned zone remains quite high because the heat capacity o f the air injected is too low 
to transfer a significant amount o f heat. For this reason, water is used during or after the 
combustion process to help transfer the heat from burned zone and to use it efficiently 
downstream, where the oil is.
Wet Combustion
After the combustion front reaches a short distance (30-50 ft) a way from the injection 
well, wet-combustion can be started by injecting water together with air. Wet 
combustion is effective means o f scavenging heat left behind the combustion front and 
transporting it forward.
The addition o f  water during the combustion process has several interesting 
consequences. One is that heat is transferred more effectively than with air alone. A  
second one is that a steam zone ahead o f the combustion front is larger and, thus, the 
reservoir is swept more efficiency than with air alone. The improved displacement from 
the steam zone results in lower fuel availability and consumption in the combustion 
zone, so that a greater volume o f the reservoir is burned for a given volume o f air 
injected. Laboratory results show that wet-combustion requires less fuel and lower air 
rates than forward combustion. Lower fuel consumption increases the combustion front 
velocity, which reduces the life o f the project and minimize the cost o f the air 
compression.
In low permeability reservoirs, it may be difficult to inject both air and water 
simultaneously at the desired rates. In that case, the water and air may be injected 
alternatively, each phase being injected for days. The duration o f the air and water 
injection periods is controlled to achieve the desired average water/air ratio. The 
water/air ratio is also controlled to obtain desired improvements in combustion-front 
velocities or temperature levels. At low water/air ratios, all the water reaches the 
combustion front already has been converted to steam. If the water/air ratio is kept
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sufficiently high, most o f the water reaching the combustion front still will be in liquid 
phase that reduces the maximum temperature level.
Gravity segregation between water and air does the influence the wet combustion 
process. In extreme cases, water may not reach the upper part o f the sand intervals, so 
that only dry combustion (with its relatively poor heat recuperation) takes place. In the 
lower parts o f the interval, combustion may not be sustained because o f the presence o f  
too much water and too little air; in the center section, wet combustion may occur at 
some unknown water/air ratio.
Reverse combustion
The reverse combustion process is first started as a forward combustion process by 
injection air through wells that will finally become oil-producing wells. After burning a 
short distance from the ignited wells, air injection is switched to adjacent wells. 
Continued injection o f air in the adjacent wells drives the oil towards the previously 
ignited wells, the reverse combustion front propagates from the ignition well (i.e. 
production well) and travels in the opposite direction o f the air flow (towards the 
adjacent wells) upstream to the oil saturation regions.
The oil bank is forced to move in the direction o f airflow through the burned zone while 
the combustion front moves toward the injection well. Reverse combustion was 
developed for improving recovery in reservoirs containing extremely heavy crudes.
In situ Combustion With Oxygen Enriched Air
In-situ combustion was developed with air used as the oxygen-containing gas. Because 
air contains 79% nitrogen, which acts an inert component in the process, it has long 
been recognized that the minimum air flux could be reduced by a factor 0.79/0.21 if  
pure oxygen were injected. Several papers have been published (Hvizdos et al., 1983; 
Hansel et al, 1984; Shahani and Gunardson, 1994) illustrate additional benefits o f  
oxygen enrichment include (1) faster production response, (2) the decrease in the 
amount o f gas to be compressed and injected because large volumes o f nitrogen are now 
eliminated. This increases the possibility o f using in-situ combustion in low 
permeability reservoirs and reduces the volume o f vent gases, (3) Much higher 
solubility o f CO2 in the oil and water phases with oil viscosity reduction and significant 
swelling o f the oil. This increases the oil mobility and recovery and reduces the time to
complete the project, reduced compression costs per unit o f injected oxygen and gases 
with increased CO2 content, which can dissolve in the reservoir oil and reduce the 
viscosity. There were also concerns about the hazards o f use o f pure oxygen in 
laboratory and field experiments. Hvizdos et al. (1983) presented the results from the 
Forest Hill Field test in which oxygen-enriched air was successfully used in an in-situ 
combustion process. The results o f Forest Hill field test show that essentially pure 
oxygen can be handled and injected safety in a typical oil producing field, and that 
oxygen-enriched air can be used to advantage in oil recovery, as previously discussed, 
means o f in-situ combustion. The average specific productivity o f wells in the oxygen- 
influenced pattern was significantly greater than for wells in the air patterns.
In Situ Combustion Using Horizontal Wells
Horizontal wells have been used successfully in conjunction with steam drive; cyclic 
steam stimulation and steam assisted gravity drive (SAGD) and may have certain 
advantages when used in conjunction with ISC. The main advantages o f the use o f  
horizontal wells are improved sweep efficiency, enhanced predicable reserves and a 
decrease in the number o f wells required for field development. Greaves et al. 1991 
used “direct line drive”, a vertical air injector well and a horizontal producer well, and 
found significant improvements to that o f a vertical producer. These included a higher 
rate o f oil production and recovery o f OOIP, increased sweep efficiencies and 
substantially better upgrading o f the produced oil. Horizontal wells can be used as 
injectors or producers. The large contact area o f horizontal wells can enhance injection 
rate in injection wells and improve production rates in production wells. The horizontal 
well was completed early 1998 in Horse creek field; air injection project started at May 
1996, as a producer well and has yet to response (Clara et al., 1998).
2.2 HIGH PRESSURE AIR INJECTION (HPAI) TECHNIQUE
Until a few years ago, the air injection proces was synonymous with the insitu 
combustion process. Then more subtle distinction between different processes has 
begun to emerge. If the air injection process is to be operated as a flue gas flood or attic 
pressurization scheme, then the intent o f the air injection is primarily to generate an 
inert gas. In this case, the operator is primarily concerned with removing the oxygen so
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that it does not represent a safety and corrosion problem at the production wells. 
Because this process is generally considered for relatively deep reservoirs where the 
native reservoir temperature is high, the reactivity o f the oxygen with the oil at the 
reservoir temperature will generally be sufficient to remove the oxygen from the air 
stream (Moore et al. 1998). This means that, at proper conditions (high temperature and 
pressure), when air is injected into deep light oil reservoir, the oxygen contained in the 
air reacts spontaneously with the hydrocarbon in place by various oxidation reaction 
schemes. Heat is evolved by theses exothermic reactions. At this period, two cases 
arise, which must be differentiated for light oil reservoirs, according to the oil oxidation 
intensity and oil displacement efficiency which are reported in open literature 
(Yannamaras et al. 1991; Sakthikumar et al. 1995; Greaves et al., 1998; Turtal et al, 
1998, Moore et al. 1998; Clara et al. 1999)
2.2.1 HPAI /Combustion Process
In the initial stage heat released during low temperature oxidation accumulates greater 
than can be dissipated resulting in an increase in temperature. This happened when the 
thermal losses through the rock are small, compared with the heat generated by the 
oxidation reactions, correspondingly, the temperature in the reservoir increases. If heat 
continues to be generated at a rate greater than it is dissipated, a temperature condition 
is soon reached which is generally called as an “ignition temperature” (Tedema and 
Weijdema, 1970; Burger and Sahuquet, 1976). In this case, complete oxidation 
reactions providing carbon oxide gases can be self-ignited in the reservoir. The oxygen 
is consumed by the oil in confined high temperature reservoir zone called oxidation (or 
combustion) front o f the zone. In the oil reservoir, four main zones are distinguished, 
(Clara et al, 1999), as represented in Figure 2-2:
1. A zone swept by the combustion front, where the residual oil saturation is 
theoretically zero and the temperature is significantly higher than the initial 
reservoir temperature.
2. The combustion front, where oxygen is consumed. The size o f this zone depends 
on the air injection rates and the characteristics o f oil and formation. In light oil 
reservoirs, typical oxidation front temperatures o f 200 to 400 °C can be reached. 
Part o f the original oil is burned (about 5% to 10% OOIP), and the flue gas
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produced is mainly CO2 and N 2 . Downstream of this, a substantial steam flood 
can develop and the temperature may fall to 200 to 250 °C.
3. A zone, downstream of the combustion front, where the main thermal effect 
occurs, leading to the formation of oil bank. The flue gas and steam fronts 
generated by the combustion front strip and vaporize oil, which form an oil 
bank. The condensed water displaces the oil bank.
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Figure 2-2: HPAI/ Combustion Process
4. A wide zone downstream of the combustion front, where no thermal effect 
occurs. The temperature is equal to the initial reservoir temperature. This zone 
contains original oil, which is not affected by the thermal front.
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2.2.2 HPAI/LTO Process at Reservoir Temperature
When the thermal losses through the rock are high, or when the heat release from the
oxidation reaction is not high enough to increase the temperature significantly, e.g. in
the case of water flooded reservoirs (high-water saturation), or low-oil saturation, the
oxidation reactions occur at a temperature close to the initial reservoir temperature. In
the reservoir, four main zones are distinguished (Greaves et al., 1998; Clara et al.,
1999), as represented in Figure (2-3):
1. The oxygen in the injected air is totally consumed or reduced to a sufficiently
low level by oxidation with the oil. This takes place in the oxidation zone at low
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temperature. In the oxidation zone, oxygen reacts with the oil to produce 
oxidized hydrocarbons and some flue gases.
2. The nitrogen and carbon dioxide generated strip the light components from the 
. oil ahead of the oxidation zone. Downstream of the displacement zone, the oil
saturation increases and an oil bank are formed, along with a high water 
saturation zone.
3. Displaced oil bank
4. Downstream of the high oil and water saturation zones is the production zone
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Figure 2-3; HPAI/LTO Process
The advantage of air have been listed by Yannamaras et al., (1991), these advantages
include most of the classical ones associated with natural gas injection as well as those
occurring from the presence of oxygen in the injectant. The infinite availability and the
zero access cost of the injectant makes the application potential of this improved
recovery process promising when associated with the lack of available hydrocarbon gas
sources for injection. Air can serve a multiplicity of functions, in the reservoir, may be
used as an agent of oxidation (spontaneous ignition) and heat release, of pressurization,
of in-situ gas stripping and also o f miscibility. It might be used in gravity stabilizing gas
injection (GSGI), for pressure maintenance, or horizontal alternating gas injection
(WAG). The literature and commercial field projects have shown that air injection into
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light oil reservoirs can yield additional reserves from water-flooded reservoirs that 
would otherwise be abandoned.
The single major limitation to air injection is that the reservoir must have sufficient 
temperature for the oxygen to be consumed by low temperature oxidation or high 
temperature oxidation (in-situ combustion), dependent on fluid and reservoir conditions. 
If the oxygen consumption is not complete, there is the danger o f corrosion occurring at 
the production wells, and even worse, there could be a risk o f explosions in the 
production well. There is also the fear that bacterial growth as well as the creation o f  
emulsions could occur with the accumulation o f oxygen in the reservoir. Therefore, the 
key o f a successful air injection project into a light oil reservoir is to ensure the 
consumption o f the oxygen by a fraction o f the oil in confined zone (Oxidation zone or 
combustion front area).
2.3 EXAMPLES OF COMMERCIAL APPLICATION
There have been a number o f air injection projects on light oil reservoirs reported in the 
literature prior 1990, which have been reviewed by Yanimars et al. (1991). The early 
application o f air injection into deep light oil reservoirs was dominated by pressure 
maintenance, repressurization or gas flooding requirement. Theses fields proved to be 
successful both technically and economically, in most cases. Since 1993, there have 
been an increasing number o f detailed reports on air injection projects, both as a full- 
field operation and also laboratory studies. Example o f current field projects are the 
Buffalo Red River Unit (BRRU), Medicine Pole Hills Unit (MPHU), West Hackberiy, 
Southwestern Louisiana, USA developed by Amoco and Horse Creek reservoir, North 
Dakota, USA operated by Total. Other air injection projects and feasibility studies for 
light oil are being carried out in North Sea, Indonesia, North Africa and Argentina.
The air injection for light oil has been using as a secondary and tertiary recovery in oil 
fields. The feasibility o f air injection as an improved oil recovery (IOR) method can be 
analyzed in the light experience from several field projects, involving light oil. For the 
purpose o f this work only the successful air injection projects involving deep, light oil 
reservoirs are reviewed.
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2.3.1 Secondary Recovery 
Buffalo Red River Unit (BRRU)
The Buffalo field (Yannimaras et al., 1991; Fassihi et al., 1994; Kumar et al., 1995) is 
located in the North West comer o f Sought Dakota, on the southwestern flank o f the 
Williston Basin. It was discovered in March 1954, the field produces from the Red 
River reservoir found at approximately 2560 m. The original reservoir pressure at 
BRRU was 250 bar and reservoir temperature was 102 °C. The primary mechanism is 
liquid and rock expansion (volumetric reservoir), with no water or gas cap derives. 
Estimated recovery factor is about 6% o f  OILP. A short-term water injectivity test 
conducted by Shell indicated that water flooding is not feasible due to poor water 
injectivity. Full scale EOR was initiated after completing detailed laboratory and 
feasibility studies including a pilot air injectivity test in mid-1977. Air injection 
commenced in Feb. 1979 and significant production response was seen in about 6 to 12 
months in offset wells located about 800 m from the injection well. As the production 
response continued to be encouraging, BRRU was expanded in stages into 12 sections 
by May 1981. The cumulative air-oil ratio to July 1994 was 10.5 MSCF/BBL after 
39.8Bcf o f injection over 16 years.
Medicine Pole Hilis Unit (MPHU)
The Medicine Pole Hills field was discovered in April 1967, is located near the 
Southwest flank o f the Williston Basin in the Southwest comer o f North Dakota. The 
field (Fassihi et al., 1994; Kumar et al., 1995; Fassihi et al., 1996; Turta and Singhal, 
1998) produces from Red River carbonate formation at an average depth o f 9500ft. The 
field covering 9600 acres with 13 producing wells was formed in July 1985. The 
recover mechanism under primary production was by gas, liquid and rock expansion 
with partial water derives. Primary recovery is estimated to be about 15% of the (OIIP).
In MPHU project, several EOR methods have been considered due to low primary 
recovery; water flooding was ruled out due to anticipated limited injectivities. 
Repressurization to original reservoir pressure was expected to take more than 10 years 
with water injection. Natural gas and CO2 injection were ruled out because o f the high 
cost o f both gases.
Air injection was considered to be available alternative primarily because o f the
successful performance o f the BRRU, located 32-km sough o f MPHU. Both these fields
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produce from the Red River formation and have similar reservoir characteristics. In 
addition, the combination o f light oil (39 API), carbonate formation, hot reservoir (110 
°C), high reservoir pressure (284 bar) and low permeability (1 to 30 md) makes this a 
unique air-injection project.
Laboratory combustion tests, miscibility tests reservoir fluid studies and detailed 
feasibility studies were completed before forming the unit. High-pressure air injection 
operations commenced in Oct. 1987 and cumulative air injection into seven injectors, as 
July1994, the air was injected at a rate o f 9 MMscfTD and pressure o f 300 bar into 7 
injectors. The cumulative air-oil ratio to July 1994 was 7.3 MSCF/BBL after 13.7Bcf o f  
injection over 7 years. The gas production started to show an increasing trend after 
about 15 months o f continuous injection. Oil production has increased from 400 BOPD 
prior to unitization to the rate 950 BOPD at April 1994, while the number o f producing 
wells is nearly the same as before utilization. The oxygen utilization was 100%, based 
on analysis o f combustion gas produced. From April 1991 to April 1993, NGL recovery 
from gas processing has increased to about 200 bbl/day. This is due to the stripping of 
light oil by the in situ generated flue gas. The air injection incremental recovery has 
been estimated an additional 14.2 MM bbl.
Horse Creek Reservoir
In Horse Creek field, several EOR methods have been considered due to low primary 
recovery; water flooding was ruled out because the relative permeability characteristics 
of the reservoir and the fact that in oil bank can not be established. Natural gas and C02  
injection were ruled out because o f the high cost o f both gases. The process finally 
selected for technical and economic evaluation was air injection, as it was expected that 
it would provide incremental recovery is between 7.6 MMBBLS and 7.9 MMBBLS of  
oil (Germain et al., 1997).
On May 17, 1996 Total Minatome Corporation began high-pressure air injection into 
the Ordovician Red River formation at the Horse Creek Field, Bowman County, North 
Dakota. The Horse Creek project (Germain et al., 1997; Watts et al., 1997; Clara et al., 
1998) is the third high-pressure air injection program completed in the Ordovician Red 
River formation in the Williston Basin. The Horse Creek field is located 7 miles to the 
east o f the Cedar Creek anticline, in the south-central portion o f the Williston Basin, 
Bowman County, North Dakota.
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Total Minatome Corporation currently operates eleven producing wells, three air 
injection wells, one monitor well, and one water disposal well within the unit area. As 
of May 1997, air was being injected into the reservoir through 3 injection wells at a rate 
o f approximately 8.5 MMSCF/D and 4700-psi discharge pressure. Approximately 2 
BSCF o f air has been injected into the reservoir; air oil ratio seems to stabilize around 
18 MSCF/BBL.
Nine months after injection start up, results from the project were encouraging, as the 
reservoir pressure has been increased approximately 35 bar. Therefore, the average 
GOR has decreased as re-pressurization o f the reservoir occurs and oil production has 
increased from 293 BOPD to 400 BOPD (Watts et al., 1997). Early CO2 breakthrough 
in Horse Creek proved the development o f a combustion front in the formation.
2.3.2 Tertiary Application, Water Flooded Reservoirs 
West Hackberry Project
West Hackberry (Fassihi et al., 1993 & 1996, Turta and Singhal, 1998, and Gillham et 
al., 1997) is a salt-dome oil field and watered out reservoir located in Cameron Parish, 
in southwest Louisiana Field. The reservoir's natural pressure has declined to the point 
that an aquifer has intruded into the formation, preventing economical production o f  
most o f the remaining oil. Amoco attempts to repressurize the reservoir by injecting air. 
The plan is to create a gas cap and force the water level to recede to its original position. 
Their goal is to combine air injection with the Double Displacement Process (DDP). 
The DDP is the displacement o f a water invaded oil column by gas, for the purpose o f  
recovering oil through gravity drainage. The target zone is the Camerina Sands on the 
west flank o f the West Hackberry field.
As in 1997, Air injection was ongoing at West Hackberry under the following two 
operating conditions:
(1) In a watered out oil reservoir, the formation (Camerina sands), lies 2680 to 3020 m 
deep and is sharply tilted, dipping as much as 35 degrees from horizontal. The 
formation has high permeability (300 to 1000 md) and 33 °API gravity with a viscosity 
o f 0.9 cp at a reservoir temperature o f 94°C. West Hackberry possesses steeply dipping 
high permeability light oil reservoirs that exhibit water drive recoveries o f 50%-60% of  
the OOIP versus gravity drainage recoveries o f 90% of the OOIP. Although insufficient
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air has been injected to see production response, reservoir pressure has increased by 35 
bar and air injection was continuing.
(2) In a low-pressure reservoir with a gas cap and a thin oil rim, air is injected into the 
gas cap to push the oil rim to down structure wells, to repressurize the reservoir, and to 
gain the improved recovery benefit derived from DDP. As May o f 1997, air injection 
had increased oil production in reservoirs at low reservoir pressure by 60% above the 
normal decline. To build upon these results, air injection will be extended to similar 
reservoirs in the field.
2.3.3 Observation From Field Projects
Several important features are noticeable and anticipated from these projects:
1. The most important feature o f these projects is the high reservoir temperature 
and sufficiently reactive crude, which facilitates the initiation o f the process by 
spontaneous ignition.
2. Air injection has been used as a secondary recovery method in cases where 
water injection was not effective, or desirable. It can also be used as a tertiary 
recovery method to improve oil production after water flooding.
3. The air was selected as an injectant rather than previous common EOR gases 
such as hydrocarbon gases, CO2 and N 2 mainly for availability and economic 
reasons.
4. The process has implemented in two principal modes: (a) the conventional drive 
process, in which a combustion front displaces the oil horizontally, and (b) a 
drainage process, in which the injection o f air into dipping reservoir causes 
gravity drainage.
5. No safety problems associated with oxygen breakthrough into the producers 
have been reported. It must be assumed, therefore, that oxygen was consumed 
by vigorous reactions, which spontaneously occurred in the light oil reservoir. 
Hydrocarbon backflow into the air injection line and also autoignition o f the 
lubricant used in the air compressors are potential safety problems. However, 
taking special precautions, as in the Amoco and Total projects, has solved these.
6. Problems associated with air compression and injection, such as compressor 
failure and corrosion o f the injection lines, has also been adequately managed.
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There is now a lot o f field experience to be shared in the design and operation o f  
new field.
7. The long-lived o f most o f these field projects attests to their technical and 
economic success.
2.4 AIR INJECTION PROJECT DESIGN
In order to apply the light oil air injection (LOAI) commercially are needs to conduct 
the following four phases: laboratory tests; field pilot test design; evaluation of the field 
pilot test; and expansion to field scale operation. The factors that contributed to the 
decision for air injection alternative include:
1. The laboratory experiments contributed to make the process safe (by estimating 
the oxygen consumption in the reservoir) and to assess the recovery potential by 
air injection.
2. Numerical simulation show that a reasonable incremental oil recovery and a 
rapid field re-pressurization by high air injection rates would lead to an early 
response o f the oil production.
3. The high initial reservoir temperatures o f greater than 80 C which indicates:
• a probable spontaneous ignition o f the insitu oxidations reactions
(between oil and oxygen), making the project implementation simpler by
avoiding to install downhole igniters;
• a potential high oxygen consumption in the reservoir resulting in safe 
operations.
4. Similar successful projects carried out in nearby fields in the same formation
2.4.1 Laboratory Experimental Investigations
Every air injection project should be preceded by laboratory experiments under
reservoir conditions in order to study the applicability o f certain reservoir to air
injection such as displacement studies on core and physical models.
The laboratory tests will give information about the chemical reactivity o f oil-rock 
couple, possibility o f spontaneous ignition, evaluate oxygen consumption by the oil at 
reservoir conditions, some kinetic data to be used in mathematical simulation determine 
the recovery efficiency by air injection and a base figure concerning the amount o f fuel 
deposited and/or burned during combustion. This last figure cannot be obtained from
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pilot data, whatever detailed analysis and measurements are carried out in the field. 
Also, in the pilot there is no reliable means o f determining or checking the value o f air 
requirement, which, also, has to be determined in the laboratory.
Accelerating Rate Calorimeter
Accelerating Rate Calorimeter (ARC) has been developed by Amoco (Yannimaras and 
Tiffin 1995) as a quick and relatively inexpensive way to rank the oil for LOAI and to 
obtain the reaction kinetic parameters. The instrument and techniques have adapted by 
many other researchers (Gilliham et al., 1997; Clara et al., 1998; Greaves et al 1999 & 
2000; Moore et al., 2001). The technique is based on examining the autoignition 
behavior as well as the extent and continuity o f the exotherm trace obtained in an ARC 
experiment. Thus, the study o f chemical kinetics for the air injection process is 
undertaken for light oil air injection project for the following reasons (Gillham et al., 
1997): (a) to characterize the reactivity o f the oil and rank various oils, (b) to determine 
self-ignition will take place in the reservoir upon air injection, and (c) to provide values 
for the Arrhenius kinetic parameters (activation energy, order o f reaction with respect to 
fuel, and pre-exponetial factor) that are used in the numerical simulation o f combustion 
tube experiments and, eventually, o f field project.
APPLICATION OF ARC IN AIR INJECTION PRO JECTS
ARC tests have been used in feasibility studies o f LOAI projects, such as Medicine Pole 
Hills Unit (Kumar et al., 1995) and the Horse Creek field (Clara et al., 1998). These 
ARC tests gave the first indication that the oil at the Horse Creek field would react 
under low temperature conditions. For the Amoco West Hackberry Project (Fassihi et 
al. 1993 & 1997), several ARC tests were conducted under adiabatic conditions, in 
order to estimate the spontaneous ignition temperature and whether a combustion front 
could be sustained in the reservoir. The first exotherm occurred at a round 125 °C, about 
10 °C above the reservoir temperature. Once ignition had occurred, the exotherm 
continued up to 350 °C. The conclusion, therefore, from these results were that when air 
was injected into the reservoir, the oil was likely to auto-ignite. This observation has 
certainly proved successfully in the West Hackberry field application (Fassihi et al., 
1997). Fraim et al.(1997) performed ARC studies o f a North Sea field to assess the 
feasibility o f air injection. Their results showed that the oil would oxidize in a very 
efficient high temperature zone. Clara et al. (1999) used a special Adiabatic Disc
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Reactor (ADR) to investigate oil oxidation reactions for the Handil field. The Adiabatic 
Disk Reactor is similar to a flowing ARC, but uses a consolidated rock core. The 
minimum detection sensitivity o f the device is 0.015 °C/min .Two adiabatic disc reactor 
experiments were performed using Handil oil and rock samples. The results showed that 
there were good potentials for air injection, by virtue rapid increase in temperature from 
134 to 400 °C (in 5 hours). Greaves et al. (1999) studied the exothermicity and kinetics 
of a number o f North Sea light oil using a PHI-TECII, which is the similar to the ARC 
system. They concluded that there were appeared to be a correlation between the API 
density o f the oil and its ignition temperature.
Combustion Tube
Given the good ARC results obtained for particular light oil, further laboratory work 
(flue gas displacement and combustion tube testing) and studies for field air injection 
implementation are warranted and recommended for particular reservoir. A combustion 
tube is one-dimensional experiment that mimics the operation o f in-situ combustion in 
the reservoir. A combustion tube experiment is run to see if the reservoir matrix rock 
and oil will sustain the propagation o f a combustion front, under a given air injection 
flux, and to determine the amount o f injected air needed to process a unit volume o f the 
reservoir ‘near adiabatic control’. This is a very important technical and economical 
parameter, because it fixes compression requirements and the time scale o f operations, 
given an injection rate. A number o f other process parameters are also determined, such 
as peak temperatures, fuel laydown, overall combustion stoichiometry, oxygen 
utilization, etc.
Yannamaris and Tiffin (1995) argue the potential benefits for air injection into high- 
pressure light oil reservoirs. They ran several combustion tube tests at pressures ranging 
from 69 to 375 bar using two light oils o f about 35°API. They observed that for the 
most part, air injection could be a viable process for light oil reservoirs. Unlike for 
heavy oils, flue gas generation and oil displacement were found to be the dominant 
factors. However, higher pressures were found to require much higher air rates to 
sustain the combustion front.
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Flue Gas Displacement
In light oil, high-pressure air injection applications stripping o f hydrocarbons from the 
reservoir oil, ahead o f the combustion front by the in-situ created flue gas, is an 
important mechanism o f oil recovery (Clara et al., 1999; Fassihi et al., 2001).
This experiment simulates the sweeping o f the reservoir oil by flue gas drainage. The 
test is performed at reservoir pressure and temperature. This experiment provides data 
on the oil recovery profile vs. amount o f flue gas injected, the residual oil saturation 
after flue gas sweeping, the in-situ vaporization o f the light oil components by flue gas 
stripping, and the effective gas permeability at residual oil saturation.
2.4.2 Reservoir Aspects of Air Injection
The reservoir physical properties play a major role in the efficiency o f LOAI or 
otherwise as well as the choice o f IOR process. These properties include reservoir rock 
properties (i.e. porosity, permeability, mineralogy, heterogeneity etc.), fluid properties 
(API, So, Sw) and reservoir conditions (formation temperature and pressure). The 
specific surface area o f the rock, permeability and porosity directly influence the fuel 
deposition, amongst other parameters. Initial formation temperature and heat loss 
through the reservoir rock are a major causes for spontaneous ignition not occurring 
upon air injection. This is affected by several reservoir properties including the heat 
capacity o f the rock, net pay thickness, porosity and heterogeneity. The existence of 
serious heterogeneity in a reservoir almost always leads to the failure to sustainable 
combustion front due to the oxygen channeling and the proliferation o f LTO (Turta et 
al., 1998).
Air injection into light oil reservoir can be divided two principal modes:(a) the 
conventional drive process, in which a combustion front displaces the oil horizontally, 
and (b) a drainage process, in which the injection o f air into dipping reservoir causes 
gravity drainage. Turta et al., 1994 carried out a review o f 19 air injection projects 
concentrating on movement from pilot project to the commercial processes. He found 
that the success o f developing a commercial project is strongly connected to two factors 
a) starting operation from the upper most part o f the reservoir structure and extending 
the process downwards (to utilize gravity stabilized effects) and b) application o f the 
line drive well configuration instead o f patterns wherever possible. Moore et al, 1997, 
reviewed 32 Canadian heavy oil air injection (ISC) projects. The most common cause o f
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problems during field production was found to be a lack o f oil mobility (due primarily 
to high oil viscosities at low reservoir temperatures) in the region downstream o f the 
elevated temperature zone. This occurs with high initial oil saturations, heavy oils and 
the consequent high liquid saturation oil bank. This may reduce gas mobility to such an 
extent that the oxidation front moves into the LTO mode and stalls.
Another important factor, highlighted by Moore et al. (1998) that affect the field 
performance is the well spacing and the patterns used. Although spontaneous ignitions 
and large pattern may work for light oils, they do not have a high probability o f success 
for heavy oil. Too often, strictly economic consideration had dictated the well spacing 
with no thought given to the fact that the process may not be technically feasible at 
those well spacing. The spacing used therefore, were often too large to maintain the 
required air flux at the oxidation front in order to maintain the oxidation process in the 
HTO region.
2.4.3 Numerical Simulation
All the previously discussed data, from the kinetics, stripping and combustion tube 
experiments, can be entered into light oil air injection (LOAI) numerical simulator. 
Then, the constructed model can be used to predict the oil response to flue gas injection 
at different flow rates and oxygen behavior in the reservoir simulation is the description 
o f a reservoir’s characteristics and properties so as to model new or modified 
production, or injection techniques and strategies. Computer simulation is used during 
all stages o f an air injection project. It is indispensable for pilot test planning and 
interpretation. It is an essential ingredient in the design, implementation and 
optimization o f full field-scale projects.
2.4.4 LOAI Pilot Project
As with most enhanced oil recovery projects, an air injection process is normally 
developed in stages (or phases). It usually starts with a small pilot test involving one or 
more patterns located in a representative area o f the candidate reservoir or field. It 
carried out to generate information not available from laboratory and other 
investigations. The field pilot will show if  the LOAI has the self-supporting capacity, if  
it has the ability to give incremental oil and what operational difficulties are to be
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expected in a future full scale process (Sakthikumar et al., 1995; Turta and Singhal, 
1994). The pilot objectives are:
1. Surface and well aspects, mainly by testing proper operating and safety 
procedures and gathering valuable know-how for this new method.
2. Reservoir engineering aspects in order to confirm the expected performance by:
• Measuring oxygen consumption and downhole temperature,
• Obtain tertiary production data for history match (to validate the model),
• Recovering additional oil,
• Comparing with other EOR method, if  it is being tested in same time, 
performances.
3) Interpreting pilot data for field wide design
In order to evaluate the LOAI pilot project, monitoring program is consists of:
• Measurement o f air injection rate and pressure
• Measurement o f production rates o f oil/gas/water.
• Analysis o f produced gas, oil and water
• Measurement o f wellhead temperature and pressure o f producers and 
bottomhole o f injector during ignition.
• Corrosion monitoring o f flowlines and storage tanks.
2.5 Methods of Data Analysis
Numerous laboratory oxidation studies relating to air injection and in situ combustion 
have involved the use o f ramped heating and isothermally controlled reactors, including 
combustion tube experiments and thermal analysis. The latter has comprised thermal 
gravimetric analysis (TGA), diffemtial thermal analysis (DTA), differential scanning 
calorimetry (DSC) and accelerating rate calorimeter (ARC). Differential thermal 
analysis (DTA) and thermogravimetric analysis (TGA) were used during early studies 
o f crude oil oxidation. Results o f these experiments, which are qualitative in nature, 
have provided indications to the broad nature o f oxidation reactions in in-situ 
combustion oil recovery.
In DTA and DSC experiments, a crude oil and sand mixtures is heated at a uniform rate 
while air is passed through the mixture. The amount o f heat released affects
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temperature, which is recorded on a thermogram. DTA thermograms obtained by 
Tadema and Weijdema (1959) indicated two exothermic reaction peaks, one at about 
270 °C and the other at about 400 °C. Thermogravimetric experiments also involve 
heating a crude oil and sand sample at a constant rate in the presence o f flowing air. 
However the change in weight o f the sample is recorded against temperature. Bae 
(1977) also concluded that at least two reactions occur at different temperature during 
the oxidation o f crude oil using TGA and DTA.
An adiabaticly controlled calorimeter, or ARC has been used to screen candidate oils 
for possible air injection projects, by evaluating the auto-ignition temperature and 
detecting the presence o f exothermic continuity between LTO and HTO regions 
(Yannimaras and Tiffin, 1995).
Qualitative techniques have largely been superseded by the effluent gas analysis (EGA) 
technique and combustion tube experiments. The former is performed to determine the 
reaction kinetic parameters, while the latter yields data required for the design o f an in- 
situ combustion project.
Some reaction kinetic studies were carried out by Bousaid and Ramey (1968), Wejdema 
(1968), Dabbous and Fulton (1974), Burger and Shaquat (1976), Fassihi et al. (1984), 
Kazi et al. (1996) and Kisler and Shallcross (1997). In these experiments, the 
temperature o f a sample o f crude oil and sand mixture was increased at a constant rate, 
or kept constant at the temperature o f interest. Depending on whether pyrolsis or 
oxidation was being studied, nitrogen or an oxygen-containing gas was continuously 
flowed through the sample. The produced gas was analyzed to determine the 
concentration o f carbon dioxide, carbon monoxide, oxygen and nitrogen. The rate o f  
oxidation o f crude oil in a porous medium, Rc, can be described as follows (Bousaid 
and Ramey 1968, Burger and Sahuquet 1972)
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Where k is the reaction rate constant, Po2and Cf, are the oxygen partial pressure and 
crude oil concentration, m and n are the reaction orders with respect to oxygen and fuel 
concentrations respectively. The temperature dependence o f the rate constant, k, is 
usually assumed to follow the Arrhenius equation. Thus
k  = Ar exp(~Ea /  RT ) Equation 2.2
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Where the constant Ar is the pre-exponential factor, Ea is the activation energy, R is the 
gas constant and T is the temperature.
Substituting Equation 2.2 into Equation 2.1 yields:
Using Equation 2.3 the kinetic parameters, Ar, Ea, m and n can be obtained from 
experimental data.
Studies o f crude oil oxidation in porous medium under a programmed linear 
temperature rise with time indicate two successive oxidation reactions (Burger and 
Sahquet, 1971; Fassihi et. al., 1984; Shallcross; 1981; Mamora et. al., 1994). The first 
reaction has a reaction peak about 250 °C, and is termed low-temperature oxidation 
(LTO). The second reaction, called high-temperature oxidation (HTO), has a reaction 
peak at a bout 400 °C.
In combustion tube experiments, the crude oil and sand mixture is placed in a steel tube 
and ignited at one end. Air is passed continuously through the sand pack as the 
combustion front advances towards the other end o f the tube. Produced oil, water and 
gas collected for volume determination and analysis. The produced gas is analyzed as in 
and the gas analysis readings may be used to calculate the apparent atomic hydrogen- 
carbon ratio o f the fuel, x, and the m-ratio (fraction o f carbon oxidized to carbon 
monoxide).
Molar ratio (carbon dioxide/ carbon monoxide (CO2/CO)) and apparent hydrogen 
carbon ratios are used to observe the transition between these reactions at different 
temperature levels., Burger describes the overall combustion reaction:
Where: m = Yco/(Yco+Yco2), where y is the produced gas concentration 
x  = The atomic hydrogen to carbon ratio o f the fuel (H/C ratio)
This m' ratio is a measure o f the efficiency o f the combustion reaction. Complete 
combustion will produce only CO2 and water as reaction products, hence the value for 
the CO/(CO+CC>2) ratio is zero. Values great than zero are caused by varying degrees o f  




values of C0/(C0+C02) for stable high temperature combustion are around 0.25 
(Vossoughi et a l, 1982; Fassihi et al., 1984).
The apparent atomic H/C ratio is commonly used as a diagnostic tool for evaluating the 
state o f an in situ combustion process. The overall H/C This ratio is a measure o f the 
amount o f hydrogen present in the fuel burnt by the combustion front, a value o f zero 
denoting that the fuel is pure carbon. The ratio is calculated either by elementary 
analysis o f the fuel or from a material balance on the gas phases in the high- 
temperature combustion zone alone. Burger et al., 1985 and Moore et al., 1999 have 
used the following relationship to determine the H/C ratio:
Where v is the molar ratio o f nitrogen to oxygen in injected gas. Average H/C atomic
the unaccounted O2 is consumed in the formation o f water. Due to the assumption 
involved, the value obtained is considered to be an apparent value rather than true ratio. 
Bousaid and Ramey (1968) have reported that the atomic hydrogen-carbon ratio o f the 
fuel decreases as temperature increased. This is an apparent H/C ratio; typical values o f  
H/C for in situ combustion fall in the range 1.0 to 3.1. However, due to the possibility 
of low temperature oxidation reactions taking place down stream o f the main 
combustion front, these can become significantly higher in the initial stages o f 
combustion and also when a combustion front stalls, leading to an increase in the 
concentration o f O2 produced and decreasing CO2 . Moore et al. (1999) have confirmed 
that an apparent atomic H/C ratio o f less than 3.0 is a good rule-of-thumb indicator of  
the existence o f a high temperature combustion zone. Alexander et al. (1962) 
investigated the effect o f LTO on fuel formation; they found that the apparent H/C ratio 
of the fuel burned for a given crude oil decreased as combustion temperature increased. 
This ratio for low temperature is higher, and for high temperature is lower, than the H/C 
ratio o f the original crude oil.
Combustion tube experiments yield other extremely useful data, such as fuel 
concentration, oil recovery, air-fuel ratio, and the API gravity and viscosity o f produced
N  CO
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v 2 Equation (2-5)
ratio in in-situ combustion tube runs is calculated from material balance assuming that
oil.
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2.6 AIR INJECTION/IN-SITU COMBUSTION REACTIONS
Oil oxidation during air injection involves numerous competing reactions occurring 
through different temperature ranges. Due to the chemical complexity o f crude oil, 
lumped groups o f reaction are considered rather than individual reaction. Previous 
investigations of the oxidation reactions occurring during air injection show the 
existence o f at least two temperature range over which oxygen uptake rates are 
significant (Tadema, 1959; Alexnder et al 1962; Burger and Sahuquet, 1972; Fassihi et 
al, 1984; Moore et al, 1992). The oxidation reactions are usually grouped into low 
temperature oxidation (LTO) and high temperature oxidation (HTO) reactions. Two 
steps can describe the air injection process (AIP) in the oil reservoir: fuel deposition and 
fuel combustion. The LTO may be involved if oxygen is present down stream o f the 
combustion front. Also the LTO reactions are possible for initiation o f the AIP by 
spontaneous ignition.
2.6.1 Fuel Deposition
The mechanism of fuel deposition depends upon a large extent on two main factors, the 
vaporisation o f crude oil components and the kinetics o f the cracking reaction. The 
amount o f fuel deposited or fuel concentration is a critical parameter in in-situ 
combustion. If the fuel concentration is too low, the amount o f heat may be insufficient 
for a self-sustaining combustion. On the other hand, a high fuel concentration may 
result in a low combustion front velocity and high air requirements, resulting in high air 
compression costs. The maximum oil recovery is also affected by fuel deposition and 
can be represented by the difference between the OOIP and the oil consumed as fuel. 
Alexander et al (1962) carried out effluent gas analysis experiments using flood-pot 
apparatus to investigate the factors that affect fuel deposition. In their studies, the 
following factors were considered: API gravity o f the oil, original and residual oil 
saturations, atomic hydrogen-carbon ratio, oil viscosity, and the ASTM-Conradson 
carbon residue. The result indicated the amount o f fuel deposited increased with 
increasing initial oil saturation, oil viscosity and the Conradson carbon residue, and 
decreasing with increasing atomic hydrogen-carbon ratio and API gravity o f the oil. 
Kinetic experiments carried out by Bousaid and Ramey (1968) show that the amount o f  
fuel deposited increases with addition o f clay to the sample o f oil and sand. Based on
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combustion tube experimental results, Showalter (1963) concluded that the amount o f  
fuel deposited and air required increase with decreasing API gravity o f the oil. Bae 
(1977) carried out thermogravimetric studies for a wide range o f crude oil gravities (6- 
38 API) in which both nitrogen and air were flowed through the sample. The results 
showed that crude oil oxidation generally starts at a higher temperature with less heat 
being evolved as the pressure is decreased. From these results it was concluded that the 
dominant mechanism for fuel deposition is distillation. This conclusion is also evident 
from the observation that at high pressure more fuel was deposited because less 
distillation occurred.
Many investigators have looked at the effect o f the porous rock matrix on fuel 
deposition. Burger and Sahuquet (1972) found that heavy metal derivatives such as 
copper, nickel and iron catalysed the oxidation o f the crude and also increased the fuel 
deposition when added to the porous medium. Results o f combustion tube experiments 
carried out by Vossoughi et al (1982) show that clay particles increase amount o f fuel 
deposited.
2.6.2 Fuel Combustion
In the reservoir at the combustion zone, oxygen in the injected air reacts with the 
hydrocarbon fiiel deposited. These fuel combustion reactions are the main source of 
energy for the in situ combustion process. Experiments studies by Martin et al (1958) 
for a wide range o f oil gravities (10.9-34.2 API) indicates that the combustion front 
velocity is nearly proportional to the air flux and directly proportional to the rate o f  
oxygen consumed. These results are supported by similar studies made by Benham and 
Pottman (1958), Moss et al. (1959), Showalter (1963) and Wilson et al (1963) deduced 
similar relationship from their studies. Wilson et al. found that the combustion front 
temperature increased with air flux but was independent o f the air flux at sufficiently 
high pressures. At high air flux, pressure had little effect on combustion front velocity. 
At low air flux, an increase in pressure increased the combustion front temperature and 
decreased the combustion front velocity (Martin et al 1958, Wilson et al 1963). Burger 
and Sahuquet (1972) observed that the carbon burning rate o f crude oil in porous 
dependent on carbon concentration, combustion temperature and oxygen partial 
pressure.
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2.6.3 Low Temperature Oxidation (LTO)
In air injection projects that go to full combustion, LTO is likely to take place upon air 
injection prior to ignition or downstream o f a combustion front if  oxygen is available. 
This results either when oxygen bypasses the combustion front due to reservoir 
heterogeneity or because o f insufficient combustion rates to consume the oxygen 
(Dabbous and Fulton, 1974). It may also be possible to propagate an LTO front through 
a reservoir in the forward direction under conditions o f high heat loss and/or low air 
rates (Alexander, 1962).
LTO reactions occur at temperatures less than ~300 °C. They are characterized by low 
levels o f carbon oxides in the produced gases, but containing large amounts o f  
oxygenated hydrocarbons (alcohols, ketones, aldehydes, peroxides etc.) (Burger and 
Sahuquet 1972). The resulting oxygenated crude can have significantly higher 
viscosities, lower volatilities and lower gravities than the original oil. The LTO reaction 
rate was found to be proportional to the specific surface area o f the matrix raised to a 
power between 0 and 1 (Dabbous and Fulton 1974, Burger and Sahuquet 1977). Certain 
soils and metallic derivatives have a catalytic effect on LTO (Boussaid and Ramey 
1968, Vossoughi et al 1982).
Alexander et al (1962) studied the effect o f LTO on fuel formation by subjecting a 
sample o f oil and sand to a heating schedule in the presence o f air. They found that over 
an extended period o f time, LTO reactions result in the formation o f a coke-like residue 
on the sand matrix. For a 21.8 °API crude oil, the amount o f this residue increased to a 
maximum at 218 °C and decreased sharply to zero at about 345 °C. The apparent 
atomic hydrogen-carbon ratio decreased from a high value about 50 at 121 °C to about 
1 at 345 °C. The large apparent hydrogen-carbon ratio at low temperature is due to the 
fact that oxygen is consumed in reactions, which do not produce carbon oxides. 
Decreasing the heating schedule rate increased the amount o f fuel deposited due to 
increased LTO reactions. Alexender et al (1962) also found that LTO reactions increase 
the viscosity and boiling range o f the oil. Dabbous and Fulton (1974) showed that when 
oil is subjected to LTO there is a decline in the recoverable oil, an increase in fuel 
deposition, and a drastic change in fuel characteristics and coked sand properties. Bae 
(1977) found that crude oils generally increase in total weight as a result o f LTO. Kisler 
and Shallcross (1996) used an evolved gas analysis technique, at low pressure, to 
investigate the oxidation kinetics o f a light Australian crude oil (40.2 API), they found
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that the LTO involved the production o f some carbon oxides which does not occur for 
heavy oils. Also, Greaves et al (1998) found that the main reaction products o f LTO 
process into light oils obtained at reservoir temperature 80-120 °C and after sufficiently 
long reaction time are carbon dioxide and water. The reaction mechanism proposed was 
such that certain hydrocarbon species, especially saturated paraffin’s compounds, are 
oxidized to form intermediate compounds, e.g. aldehydes, which undergo further 
oxidation to form hydroperoxides. Carbon oxide is then produced via decarboxylation.
The heat released during LTO has been used by several investigators to estimate the 
spontaneous ignition time for an in-situ combustion project (Gate and Ramey, 1958; 
Roger, 1986; Tadema and Weijdema 1970; Burger and 1976). Light crude oils have 
been found to be more susceptible to LTO than heavy oils (Dabbous and Fulton 1974). 
Alexender et al (1962) concluded that LTO reactions have a dominant effect on fuel 
deposition and composition.
2.7 EXOTHERMICITY
As the hydrocarbon oxidation reaction in porous media is an exothermic reaction, 
accompanied by the evolution o f heat. Therefore, the exothermicity o f the crude oils 
needs to be fully understood, as it determines how the oxidation reaction releases heat, 
and it also directly determines the oxidation reaction parameters. The heat released from 
various hydrocarbon oxidation reactions can be measured using the magnitude and rate 
of heat changes accompanying oxidation reactions.
A discussion o f various thermal method analysis techniques that have been employed to 
study the oxidation reactions and to estimate the amount o f energy evolved from these 
reactions is made in chapter 3.
2.7.1 Energy Released from Oxidation Reactions
Burger and Sahequet, (1972) studied the kinetics o f oxidation reaction involved in in- 
situ combustion reaction. They conclude that a classification o f the oxidation and 
combustion reactions o f hydrocarbons can be given as a function o f the heat released by 
the consumption o f one mole oxygen when the water produced is condensed. Bae 
(1977) studied 15 crude oils ranging from 6 to 38 API using TGA/DTA. It was found 
that the heat generated by LTO was significantly greater than in the HTO phase,
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although this did not apply to all o f the oils tested. Babu and Comack (1983) found that 
there was more heat evolved per mole o f oxygen consumed in the LTO than was 
produced in the HTO stage. Belkarchouche et al., (1988) studied heavy oils using a 
pressurized DSC and found that the magnitude and rate o f heat changes accompanying 
combustion o f oil and oil core samples increased with increase total pressure and with 
oxygen partial pressure up to 34%. It was also noticed that the addition o f clay causes 
both the LTO and HTO peaks to coalesce with a large increase in the exothermicity. 
Drici and Vossoughi, (1985) using DSC/TGA observed an increase in the heat given off 
when solid surface was added to the oil, as well as a shift of heat from a high to a low 
temperature range.
2.7.2 Spontaneous Ignition
Ignition is the first step o f in-situ combustion process. It can be achieved by heating the 
formation around the well bore with burner or electrical heater and then injecting air or 
simply injecting air and allowing the reservoir to ignite spontaneously (Tedema, 1970; 
Burger, 1976). Spontaneous ignition is viewed as very desirable, since it simplifies 
process initiation and substantially improves process stability. Certain crude oils, when 
exposed to air, will oxidize rapidly even at low temperature. This oxidation reaction 
release heat and if  the reaction rate is high enough to generate heat in excess o f the heat 
loss, spontaneous ignition occurs (Rao et al.1997). The time o f spontaneous ignition can 
vary from a few days to several months and it depends on the initial formation 
temperature and the reactivity o f the crude oil. Burger 1976 and Tadema 1970 have 
used the heat released by the low temperature oxidation reactions to estimate the 
spontaneous ignition time for crude oils. The heat dissipation by conduction and 
convection was included in a numerical model developed by Burgerl976 to calculate 
the ignition conditions; ignition delay and position o f the ignition zone, as a function of 
reservoir, oil and gas flow characteristics. It is well recognized that crude oil-oxygen 
reactivity increase rapidly with temperature Yannimaras 1991. The ignition delay time 
(measured from the start o f air injection) is very sensitive to the term exp (E/RT). 
Burger 1985 defined the ignition delay as the time required for the temperature to 
exceed 210 °C around the injector well. This temperature was chosen as one where the 
oxidation rate is high enough to sustain the oxidation rate, and found to be dependent on 
the initial reservoir temperature, reactivity o f the crude oil, reservoir porosity,
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permeability, oil and water saturation. As shown in Prats (1982), when the reservoir 
temperature raises over 66 °C, the reservoir oil ignition delays time decrease from a few 
days to very small times. Ignition occurs at a certain distance from the air injection well 
and this distance increases with the airflow rate used during ignition operation (Burger 
1985). During spontaneous ignition process, the value o f peak temperature increases 
and the location o f the peak temperature move backwards towards the injection well 
before taking off in the direction o f the airflow (Turta and Singhal 1998). During this 
period, there is a risk o f damaging the casing of the injection well. However, the 
experience with this technique and with chemical ignition (which is similar to 
spontaneous ignition in this respect) showed that such occurrence is rare (Machedon et 
al.1993). Actually, most o f the experience with spontaneous ignition was gained during 
heavy oil exploitation using ISC process. In general, an ignition delay, tign, o f 10-20 
days is seen in oil reservoirs whose reservoir temperature are 50-60 °C (Turta and 
Singhal 1998). Ignition delay also depends on other oil and rock properties. In a field 
case, at 70 C, the spontaneous ignition occurred in 2-3 weeks (Turta and Singhal 1998). 
On the other hand, where the reservoir temperature is higher than 70-80 °C, the ignition 
take place very quickly, sometimes within hours. Indeed field observation confirms this, 
early CO2 breakthrough occurred in Horse Creek (Germain et al., 1997) and complete 
oxygen consumption in MPHU (Fassihi et al., 1994), in West Hackberry (Fassihi et al., 
1997) there was a sharp increase in injection pressure, which is believed to be an 
evidence for auto-ignition. The observation suggests that spontaneous ignition occurred, 
resulting in the development o f a high-temperature combustion. Although the existence 
of a high temperature may be o f a little consequence for the displacement process in 
light oil reservoirs (Tiffin and Yannimaras 1997), the control o f spontaneous ignition is 
very important even in the case the ISC front does not sustain itself. This is so because 
this helps achieve total oxygen utilization, which is paramount for an acceptable air 
injection process (safety considerations). The operator must take contingency measures 
at the air injection well, just for this reason.
Accelerating Rate Calorimeter (ARC) screening o f oils for air injection has been 
developed by Amoco (Yannimaras and Tiffin 1995) as a quick and relatively 
inexpensive way to rank the oil for air injection process and to obtain the basic kinetic 
parameters. The instrument and techniques have adapted by many other researchers 
(Gilliham et al., 1997;Clara et al 1998; Greaves et al 1999; Moore et al 2001). The oil
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reactivity was characterized by measuring the minimum temperature from which the 
heat generated by the exothermic reactions is sufficient to observe a significant 
temperature increase in the system. If this threshold temperature is close to the reservoir 
temperature, a self-ignition o f the oxidation reactions can be expected when air is 
injected into the reservoir.
The chemical kinetics, which governs spontaneous ignition, depends on the low 
temperature oxidation characteristics o f the crude oil. The amount o f heat released 
during low temperature oxidation depends on a number o f factors including crude oil 
reactivity, rate o f reaction, initial reservoir temperature, initial residual oil & water 
saturation, reservoir rock porosity and reservoir rock characteristics. These variables 
also affect the maximum temperature, which can be reached in the reservoir, but this 
depends importantly on the fuel availability.
2.8 NEGATIVE TEMPERATURE COEFFICIENT REGION (NTGR)
In-depth studies conducted at University o f Calgary revealed the existence o f  
phenomenon o f exothermicity gap, Negative Temperature Coefficient Region (NTGR), 
(Moore et al 1992,1993,1999) as being the existence o f temperature domain (for 
instance between 250 and 350 °C). This behavior characterized by a decreasing rate o f  
oxygen uptake as the temperature is increased. The oxygen uptake rates fall to levels, 
which provide insufficient energy generation to advance the unaided reaction 
temperatures to the levels over 350 °C.
The revealing o f the significance o f this phenomenon may create premises for 
explaining the very different behavior o f light oil during the air injection process. 
Indeed, it is possible that some light oils have a very high reactivity with small or no 
exothermicity gap, while other oils can have a very big exothermicity gap and in the 
field it is difficult or even impossible to exceed the higher value o f that gap (Turta and 
Singhal 1994). The concept o f a temperature range where oxygen uptake rates and 
energy generation rates decreases with increasing temperature is not new. Burger and 
Sahquet (1972) and Fassihi et al. (1984) have presented oxygen uptake versus 
temperature data based on linear heating o f the oil samples, and their data clearly show 
a low reaction-rate region which is nominally assumed to separate the low-temperature 
oxidation and high-temperature oxidation regions. Similar behavior has been widely 
reported based on differential thermal analysis and adiabatic accelerating rate
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calorimeter. The effect o f this NTGR on the oxidation o f any crude oil in the field has 
also been discussed. Moore et al 1992 stated that this region would determine the 
possibility o f a particular crude oil transitioning from LTO to HTO. It was also the basis 
for the screening method proposed by Yannimaras and Tiffin (1995) using ARC. In 
this case, it is characterized by a discontinuity in the self-heat rate plot. Zelenko and 
Solignac, 1997 reported the existence o f this region in his ARC tests. Both light and 
heavy oils exhibit a negative temperature gradient region (NTGR) over the approximate 
temperature range from 280 to 350 °C (Moore et al.1998).
For the large exothermicity gap oils, irrespective o f the reservoir temperature, the 
application o f spontaneous ignition for the initiation o f ISC may not be a good solution. 
Only a strong artificial ignition will produce the passing o f the ISC peak temperature 
over the higher limit o f the exothermicity gap to assure a stable combustion. The 
exothermicity gap may be a reality even for heavy oil, but perhaps in the field this was 
not noticed because, usually, the artificial ignition was used, and the temperature during 
ignition was kept above the higher limit o f the exothermicity gap.
The existence o f the NTGR is very significant, particularly for heavy oils, from the 
viewpoint o f achieving the desired reaction temperatures, which will provide for 
effective pore-scale displacement o f oil from the region swept by the oxidation zone. 
However, in light oil application, the importance o f NTGR is its effect on oxygen 
consumption, whether the oxygen is consumed by combustion reactions or low 
temperature oxidation reactions.
More laboratory research, coupled with a very focused field tests may be useful in 
quantitative description o f this aspect and its incorporation in the LOAI potential 
evaluation and numerical simulation. This may bring substantial advances in the 




3.1 THERMAL ANALYSIS TECHNIQUES
The instruments commercially reported in air injection literature to study the 
exothermicity o f oxidation reactions can be classified based on two distinct principles, 
scanning techniques and adiabatic techniques. These methods each display inherent 
advantages and disadvantages with respect to each other.
3.1.1 Scanning Techniques
Testing o f this nature involves the heating o f the sample and an inert reference material 
at predetermined temperature rates. The heat supplied to each is recorded throughout 
the test, and any differences (to within calibrated limits) identify endothermic and 
exothermic behaviour o f the sample. The most commonly used methods are those of 
Differential Thermal Analysis (DTA) and Differential Scanning calorimetry (DSC). The 
scanning techniques tend to be quicker (depending on the set o f heating rate), enabling 
more samples to be tested in a given period. However, a number o f the experiments 
carried out in the literature have used different rates. Verkoczy and Freitage (1997) used 
a heating rate o f 10 °C/min, while Al-Saffar et al (2000) used 3 °C/min. In the event that 
the reaction mechanism is dependent on the heating rate, the reaction data obtained 
would vary for each case. Fassihi et al (1984) found that the rate o f heat rise in a 
combustion tube affected the fuel deposition. Yoshiki and Phillips (1985) also found in 
their DTA experiments that the heating rate used had a major impact on the type and 
extent o f oxidation taking place, with the disappearance o f LTO at higher heating rates. 
As the heating rate used in experiments is totally subjective and chosen at the 
researchers discretion, it could create problems in comparing results across different 
experiments.
3.1.2 Adiabatic Techniques
These are based on the principle o f heat accumulation, whereby a sample self-heats 
autoacceleratively within an adiabatic environment. Temperature and possibly 
temperature rate and pressure rate data are recorded during the test. A  variety o f devices 
commercially exist, including the Adiabatic Dewar Calorimeter, PHI-TEC and ARC. 
The choice o f the instrument is commonly based on availability and cost. The advantage 
o f adiabatic techniques is when an exotherm is encountered the oil is allowed to react 
with oxygen adiabatically at its inherent reaction rate. When the sample is reacting, 
there is no forced baseline heating, but the system boundaries are kept at a temperature 
equal to the sample cell temperature to ensure adiabatic operation. They are also the
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only instruments currently available that are capable of determining kinetics parameters 
over an extended pressure range up to 400 bar.
3.2 FEATURES OF ADIABATIC PHI-TECII REACTOR
The experiments were performed in an adiabatic calorimeter, PHI-TEC, developed by 
Hazard Evaluation Laboratory (UK). The design is an extension of the Accelerating 
Rate Calorimeter (ARC), developed in the 1970’s, and the DIERS bench-scale 
calorimeter (VSP), developed in the 1980’s, but includes many additional facilities. The 
Figure (3-1) shows the photograph of the basic features of adiabatic calorimeter PHI- 
TECII. Also, the calorimeter jacket and sample system is shown in Figure (3-2).
Figure (3.1) Basic Features of PHI- TECII








Figure (3.2) calorimeter jacket and sample system of PHI- TECII
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The instrument consists o f a small test cell, which is surrounded by a set o f electrical 
heaters, placed inside a large stainless pressure containment vessel. The sample is 
placed in the test cell and heated until a reaction is detected. The reaction temperatures 
and pressures are monitored by a PC and the guard heaters used to track the sample 
temperature, thereby creating adiabatic conditions. PHI-TECII uses extremely thin- 
walled test cells so that the thermal capacity o f the cell is very small in comparison to 
that o f the sample. This means that exothermic reaction data derived experimentally can 
be directly scaled to large-scale plant. The use o f thin-walled test cells is made possible 
by compensating for their lack o f strength by an external nitrogen pressure. This 
function is performed automatically as the reaction accelerates. The PHI-TEC II can 
also utilizing high-pressure test cell bombs, which do not require any pressure 
compensation, but have a high <X> factor (~1.5).
It is sensitive enough to detect reaction rate down to 0.02 °C/min, yet powerful enough 
to track over 200 °C/min. Initially, the PHI-TECII was arranged as a closed ‘batch’ 
system. Its operation was limited to 200 bar by using the high-pressure bomb. It was 
subsequently modified for continuous air injection enabling the pressure to extend to 
400 bar.
The basic requirements from the adiabatic PHI-TECII are accuracy, repeatability, 
sensitivity, variable <|> factor, and good adiabaticity over operating range and smooth 
heat & pressure tracking ability.
Test methods can fail to detect the onset o f an exotherm due to:
1. Heat loss from the sample to its surrounding
2. Heat loss from the sample to the test cell.
These two factors measure the accuracy o f the equipment and the degree o f adiabaticity 
can be achieved. This has discussed by details in Chapter 5.
3.3 MODIFICATION of PHI-TEC II FOR CONTINUOUS FLOW
This section describes the reasons why the PHI-TECII has modified during this research 
to accommodate continuous flow o f air at constant pressure. A number o f alterations 
were proposed for the apparatus. These were designed to improve instrument 
performance, diversity its applicability and simulate the experimental work close to the 
real reservoir conditions. They are:
40
3.3.1 Constant Pressure
The aim was to maintain constant pressure throughout the experiment in order to protect 
the equipment, utilize the existing pressure equalization system to achieve higher 
pressures and the experimental work can be carried out at representative and constant 
reservoir pressure.
In closed experiments, an accelerating exotherm is usually accompanied by high- 
pressure rises. Therefore, the maximum pressure increase during experiment had to be 
taken into account, so that the pressure limit o f the equipment is not exceeded. 
However, it was not possible to predict the rate o f pressure rise and the maximum 
absolute pressure, and consequently, this leads to rupture o f the sample bomb and 
damage o f the absolute and differential pressure transducers. In continuous flow, the 
pressure in the sample holder was kept constant during the experiments, by means o f a 
sensitive backpressure regulator installed on the exit gas line from the sample cell.
The PHI TEC II employs an automatic pressure compensation system, which balances 
the internal reaction pressure with an external nitrogen pressure. In closed test, an 
accelerating exotherm is usually accompanied by high-pressure rate rise. The maximum 
pressure rise that can be compensated for is approximately 80 bar/min. Above this rate, 
the differential pressure may continue to rise and eventually cause the test cell to 
rupture. This also come with by heat losses to the system increase as nitrogen flows in 
and out o f the containing pressure vessel, to provide the required pressure 
compensation. In flowing test, it is possible to run a test at high constant pressure with 
pressure compensation, as the pressure is essentially constant, the pressure fluctuation 
during the experiment does not exceed ±1 bar.
The pressure equalization system was further modified to manual control rather than 
electronic. The latter was found not accurate enough to maintain the required AP, the 
other reasons for this alteration were:
1. The differential pressure margin was set as a default value (inaccessible for 
changing) in the software +/- 1.5 bar. As this research employed a sample cell 
can withstand o f 100 bar differential pressure, hence, there was no need to 
maintain small AP. The AP in manual control was deliberately selected to be 30 
bar.
2. The limitation o f nitrogen cylinder, which supplies the required equalization 
pressure, the maximum pressure capacity is 350 bar. As a 50 bar was required as
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a safety, therefore, the maximum pressure supplied from the N2 cylinder cannot 
exceed 300 bar. This was combined by the demand o f tests around 320 bar.
3.3.2 Tracking Limit
To obtain reliable heat o f reaction information, the reaction exotherm must be tracked 
adiabatically. Huge self-heat rates experienced during closed experiments i.e.>1000 
C/min, which cannot be followed adiabatically. It is believed to be due to ignition o f  
hydrocarbon component in vapor phase. Flowing tests continuously vent the vapor 
phase; hence the hydrocarbon concentration in vapor is not allowed to build up to the 
concentration levels high enough to yield the very rapid jump in the SHR and hence can 
be sufficiently tracked.
3.3.3 Continuous Flow of Air
The other drawback o f closed test is linked to the oxygen pressure, uncontrollable 
during the experiments, consequently, and oxidation reactions are blocked in the NTG 
region. In a reservoir, it is possible to maintain a sufficient oxygen pressure by 
controlling the airflow rate, to avoid the NTGR. A flowing PHI-TECII device appeared 
to be a good solution to avoid this drawback, because the air flows continuously 
throughout the experiment and the effluent gas analysis was obtained.
3.3.4 Test Cell Development
A main drawback with the standard spherical test cells relates to their lack o f  
reusability, and although cleaning techniques may be used; these are generally restricted 
to liquids. Also the thermocouple is located outside the cell and this can lead to wrong 
interpretation o f data in the case o f a very fast reaction. In normal operation, without 
extreme care, it was suspected that the thermal contact was not very reproducible, 
causing highly undesirable random scattering o f the calibration curves. Because o f this 
poor reproducibility, loss o f adiabaticity was anticipated.
The employment o f the cylindrical open screw-top test cells has provided a method o f  
loading large diameter granular sample i.e. crushed reservoir rock, without the need for 
crushing and grinding. In addition the issue o f re-usability has been addressed. Further 
more, in order to correct uncertainly accompanied with spherical bombs, the 
thermocouple is located inside in these test cells to ensure a good thermal contact. With 
this modification, the reproducibility o f the calibration was dramatically improved. The 
test cell also accepts auxiliary instrumentation such as air feed line.
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3.4 EQUIPMENT ASSEMBLY
The main elements of the flowing PHI-TECII system include the gas injection unit, 
reactor unit, sample cell, and pressure equalization system and gas analysis unit. The 
equipment specifications and manufactures are listed in Table 3.4 at the end of this 
chapter. The elements described separately as follows.
3.4.1 Injection Unit
This part of the apparatus is shown in Figure 3-3. This unit was employed to ensure that 
a constant and accurately controlled flow rate of air flows through the sample cell 
during the experiment. The main parts of this system are high-pressure air cylinders, 
pressure regulator, mass flow controller, bypass valve and +ve differential pressure 
transducer or absolute pressure regulator (depends on experimental conditions).
Air injection is supplied from high-pressure (375 bar) cylinder; the air is adjusted via 
precise pressure regulator, down to the required experimental pressure. The mass flow 
meter controller provides a constant and accurately controlled flow rate of air. A by­
pass valve was introduced to protect the mass flow controller while the reactor was 
pressurised to the required pressure through the pressure regulator.
+ V e D ifferentia l pressure Transducer
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Figure (3-3) Injection Unit
3.4.2 Reactor Unit
A diagram of the reactor unit assembly is given in figure 3-2. This shows the main 
component of the reactor unit:
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1. Containment Vessel
Operator safety is assured by carrying out all reactions in a 2 litre, stainless steel vessel 
rated over 400 bar. This is fitted with safety relief valve.
/. Main Unit
The main body o f the pressure vessel contains several ports. These allow the connection 
o f the instrumentation, feed, exit and nitrogen lines to the vessel. Eight o f the ports are 
located on the side o f the vessel near the top. These are outlined below:
• Pressure gauge.
•  Cable for the can thermocouple and can heater.
•  Connection to pressure equalization system.
• Ball Valve
• Injection line to test cell. This includes the connection o f a ball valve and the
pressure transducer (Absolute pressure transducer on low pressure test, and
differential pressure transducer +ve connection on the case o f high pressure 
test)
• Exit line, from the test cell, connection
• Differential pressure transducer, -ve connection (on PHI-TEC II only).
• Absolute pressure transducer
The connections to underside o f the main vessel body are:
•  Bottom and side heater thermocouple leads.
•  Bottom and side guard heaters power leads.
II. Top Plate
The top plate has two ports, used for:
• Top guard power leads
•  Top heater thermocouple leads
2. Heaters
Two types o f heaters are employed in the PHI-TEC calorimeter:
Can heater
The can heater is wrapped around the test cell and is used to heat the sample to the 
initial test temperature.
Guard heaters
The guard heaters completely surround the test cell. These are used to maintain an 
adiabatic environment for the sample by maintaining the surrounding temperature equal
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to that o f the sample. The guard heaters comprise o f separates heaters for the top, 
bottom and side, each o f which are independently controlled using a PID control 
algorithm. The space between guard heaters and pressure vessel is filled with Kaowool 
insulation.
3. Pressure Transducers
Two pressure transducers are normally used on the PHI-TECII: an absolute pressure 
transducer: to measure the containment vessel pressure, which is attached to the 
containment vessel wall. A  differential pressure transducer: to measure the pressure 
differential between the sample and the pressure vessel. The +ve end is connected to the 
sample cell (via an adaptor) and the -ve  end is connected to the fitting on the wall o f the 
pressure vessel, open to the inside. When performing an experiment in low pressure < 
lOObar, the differential pressure transducer must be removed from the PHI-TEC II, and 
the absolute pressure transducer connected to the test cell via the injection line (see 
section 3.4.5).
4, Thermocouples
Four type K thermocouples are normally used. One thermocouple is located inside the 
test cell, approximately 6 mm from the bottom. The other three thermocouples are 
attached to the body o f each guard heaters.
3.4.3 Test Cell
The PHI-TEC apparatus is used with small cylindrical (~10 cm ) high-pressure stainless 
steel test cells with a wall thickness o f 0.63 mm and a typical weight 26 gm. This is 
shown in Figure (3-5). Table 3.4 at the end o f this chapter lists all the material and 
instrument used during this study including the sample cells. In this case no pressure 
compensation is required, but the thicker walls o f the test cells normally increase the 
Phi-factor to the range o f 2 to 5 (depends on the amount o f reactants). A  1/16” (1.59 
mm) O.D. pipe is used as flow gas exit. The 1/8” (3.18 mm) Swagelok connection was 
drilled to allow 1/8” (3.16 mm) tube to fit to the bottom o f the test cell. This was used 
as the air inlet to the test cell. These test cells can withstand a differential pressure o f ~  
100 bar, but this is not very reproducible. Higher-pressure operation therefore requires 
pressure compensation.
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Figure (3.4) Test Cell Picture
3.4.5 Pressure Equalization System
The PHI TEC II employs an automatic pressure compensation system, which balances 
the internal reaction pressure with an external nitrogen pressure (in the pressure 
containment vessel). The sample pressure is determined by measuring the pressure 
difference between the test cell and containment vessel (such that AP =  PTestceii - Pcomainment 
vessel)- This is measured by a differential pressure transducer, which has a maximum 
differential range of only ± 14 bar and therefore permits greater accuracy than a normal 
transducer.
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Figure 3.5 Pressure Equalization System
Pressure compensation is computer controlled, acting on the differential pressure. When 
the differential pressure exceeds the margin from a specified set point i.e. 1.5 bar, the 
inlet solenoid valves are activated, injecting a small volume of pressurised nitrogen into
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the pressure vessel. When the differential pressure falls below the margin from the set 
point, the outlet solenoid valve is activated, reducing the pressure o f the containment 
vessel. The PHI-TEC II uses an absolute pressure transducer to measure the pressure in 
the pressure containment vessel. This has a range o f 0 to 400 bar, with an accuracy o f  
±0.1%. Figure (3-5) shows the main items o f pressure equalization system.
Manual Control of pressure equalisation system
The manual control utilizes the existing equipment, as above. However, as the 
electronic control in this case is no longer exist, the feed and vent valves statuses were 
changed to permanently “on”. The differential pressure transducer was disconnected 
from the test cell and replaced by the absolute pressure transducer to measure the 
pressure in the test cell. The pressure in the test cell was adjusted at the required 
pressure by backpressure regulator while imposing an external pressure within the 
pressure vessel manually by precise pressure regulator in order to maintain a small 
over-pressure on the sample cell. Once the required pressure reached, the backpressure 
regulator maintains a constant pressure in the sample cell and the pressure regulators 
controls the pressure vessel less than that in the sample cell i.e. -20  bar. This feature 
allows the these test cells to be used while working at high pressure up to 350 bar, and 
further extends the capability o f instrument 
Low Pressure Tests (Less than 100 bar)
As these test cells can withstand a differential pressure o f ~  100 bar, consequently, the 
pressure equalization system is not used while working lower than this pressure. Hence, 
the differential pressure transducer must be removed to avoid damage, and the absolute 
pressure transducer used to measure the pressure in the test cell.
3.4.4 Flow Gas Analysis Unit
Gas Analysis unit was used to analyze the composition o f the gas produced and to 
measure its volume. The main parts o f this system are condenser trap, relief valve, and 
backpressure regulator, gas analyzers CO, CO2 and O2 , wet test meter, gas dryers and 
calibration gas cylinder. This is shown in Figure 3-6 and the manufacture information 
are listed in Table 3.4 at the end o f this chapter. The gases are first passed through the 
condenser trap where any condensable components are captured. The precise 
backpressure regulator was used to keep the sample cell constant pressure during the 
experiments and controls the pressure to the analysers and ensures that the pressure is
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kept below about 0.68 bar. The pressure regulator was also used after the backpressure 
regulator to adjust the pressure to recommended value (0.68 bar) as a safeguard against 
unintentional actions.
Then the stream is dried in a silica gel drier and passed to the gas analysers. The three 
separate Servomex gas analyzers (type 1400 for CO and CO2, and type 570a for O2) 
were used to monitor oxygen, carbon monoxide, and carbon dioxide concentrations in 
the produced gas. The CO2 analyser has a range of 0-100% and an output signal o f 0- 
2V. The CO analyser has a 0-25% range and an output signal of 0-2V. The O2 analyser 
has a range of 0-100% and an output signal of 0-5V. These are interfaced to the 
computer via the data acquisition card and data reading were taken every one second. 
The gases from each analyzer eventually join the main gas production line, which was 
connected to the wet test meter. The wet test meter provides an accurate measurement 
of the cumulative gas volume.
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Figure (3-6) Gas Analysis Unit
3.4.6 Work Station
Two computers were employed to monitor, control the operation and record the data. 
The computer program, which is used to control the hardware and access experimental 
data, is ‘PHI’. PHI contains a large number of features, which are required at different 
applications. In addition to setting up and running experiments, the software is used to 
calibrate sensors, tune PID loops, set safety limits, analyze the data and carry out all 
calorimeter computations after a test has completed. It has also the Auto Save Rates
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function, which allows the user to define the amount o f data captured at different rates 
of temperature rise during an experiment (Table 3.1). For example, at a temperature rise 
of 5.00 C/min a data point is collected every 0.7 seconds.
The second PC was used to log the effluent gas analysis data as a function o f reaction 
time and data reading were taken every one second.
Table 3.1: Example of Auto Save Parameters Data
Auto Save Rate Parameters







Standard tests were performed at regular intervals to verify that the equipment was 
working correctly. It is a good practice to check the accuracy o f all sensors i.e. 
temperature probes, pressure transducers and mass flow controller, at lease once a 
month to ensure that they are in good order. Discrepancies may rise due to electronic 
drifts hence the calibration value may need to be changed.
Temperature and Pressure Calibration
Accurate temperature and pressure calibration o f the instrumentation is essential to 
ensure accurate results from PHI-TEC Calorimeter. The instrument calibration was 
checked frequently to ensure accurate temperature recording. The calibration 
procedures o f temperature and pressure instrumentation (i.e. sample cell and guard 
heaters temperature, pressure transducers and regulators) are discussed in details in 
PHITEC Operating Manual 1997.
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Mass Flow Controller
Te mass flow controller was sent regularly to the supplier for recalibration for each 
different pressure. The mass flow controller is very sensitive to the pressure drop 
between the input and output pressures and should be maintained to 25 bar. Before each 
run, the mass flow controller with the correct pressure range calibration must be put in 
place. When calibrated three aspects must be stipulated: the inlet pressure which must 
be 25 bar above the, outlet pressure required for the experiment and the range of air 
flow rate required (in std cc/min). Table 3-2 shows an example of the flow rates and 
fluxes available.
Figure (3.7) Mass Flow Controller Photograph
Table 3.2: Mass Flow Controller Rates @ 300bar








00.0 % 4.03 0.00 0
25.0 % 7.98 60.0 7.5
50.0 % 11.98 120.0 15
75.0 % 16.00 180.0 20
100.0% 20.00 240.0 25
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Gas Analysers
The gas analysers (Figure 3.8) were calibrated at the beginning and end of every 
experiment, as they were subject to instrument drift. The analysers were switched on at 
least 4 hours before an experiment to allow the instrument to stabilize at the operating 
temperatures. The gas analysers were calibrated by passing oxygen free nitrogen gas 
through all the analysers and the zero value was adjusted by using the zero switches on 
the O2, CO2 and CO analysers. The appropriate calibration gas was then fed to the 
analysers and recorded levels adjusted by using span switch. This calibration procedure 
was repeated prior to each experimental run. After these calibration procedures, the air 
was allowed to flow through the cell for 30 minutes at room temperature to ensure of 
the accuracy of measurements.
Figure (3.8) Gas Analysers and Wet Test Meter Photograph
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3.6 Experimental Control and Safety Features
The PC is the main system interface, for setting up tests, safety limits (temperature, 
pressure rate and absolute pressure) and the permanent storage o f data. The software 
allows many safety features to be implemented, whenever predefined ‘safety limits’ are 
reached. Many o f the actions are taken automatically although options for manual 
overrides are available. These facilities and safety features are discussed below.
• Integrity test and standard calibration tests are performed at regular interval to verify 
that the equipment is working correctly.
• Before stating an experiment, all the parts o f the system including the sample cell, 
must be inspected to ensure that they are in satisfactory working order.
• The pressure system is inspected regularly and each time fittings on the pressure 
system are loosened or replaced, the pressure system should be retest.
• Relive pressure valves are also installed in the pressure vessel, inlet and exit lines to 
relive any unwanted pressure to protect the equipment and all are pointed away 
from the operator.
• In case o f blockage in the inlet air, exit flue gas lines or backpressure regulator, the 
airflow will be stopped automatically and the experiment terminated manually.
• Before containment vessel is opened, it should be isolated from the pressure source 
by closing the valve in the nitrogen and air supply lines.
• Some parts o f the PHI-TEC are heavy (e.g. the top plate and top cap) due to design
aim. The equipment should be sited in a suitable location, which allows for manual
handling o f these parts.
• The surface o f the containment vessel and heaters may be at high temperature. It 
should be exercised when touching these parts o f equipment.
Software
• The error lines display the assignment o f status (or alarm) lines such as error 
conditions in external equipment should be defined.
• The state o f all solenoid valves can (and should) be defined in an emergency. This is 
done separately for each experiment.
•  The maximum temperature for each test is to be set.
• The apparatus limitations are to be defined for automatic control, which are
maximum pressure 350 bar and maximum reactor temperature 480 °C.
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Watchdog
The Watchdog module within the upper layer of the electronic rack contains circuitry to 
detect the failures in the computer hardware or software. During normal operation, the 
PHI software sends regular signals to this module, but if the module fails to receive a 
signal for more than about one second, it switches into emergency mode. In this mode, 
all heaters switched off and the digitally controlled devices (e.g. solenoid valves) are 
switched into a state previously defined by the user.
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4.1 Modes of Operations
The pre-programmed PHI-TECII processor unit allows three modes of operations:
(1) Heat Loss Calibration Test
(2) Drift Check Test (similar to HWS)
(3) Heat-Wait-Search sequence (HWS) test.
A manual override mode allows the user to implement various calorimeter-operating 
phase directly.
1. Heat Loss Compensation Test
The PHI TEC calorimeter provides an adiabatic environment for the sample by 
maintaining the guard heaters at the same temperature as the sample. However, at high 
temperatures and pressures, some heat losses can occur from the system.
The Heat Loss Compensation Device (HLC) is used to counteract these heat losses by 
setting the guard heaters at a slightly higher temperature than the sample cell. Figure 4.1 
shows the configure test screen of the HLC device.
On commencing the test, the sample temperature is raised to the initial temperature 
using the sample cell heater. Meanwhile, the guard heaters heat to the same temperature 
and remain at this value.
PHI-TECII HWS Heat Loss Compensation Calibration
Heat Parameters...
What is initial temperature for test? 50 deg C
What is temperature increment to employ? 15 deg C
Can heater power to use in heating? 10%
Wait Parameters...
What is settle time to employ? 10 min
Calibration Parameters....
What is the stability required? 0.005 deg C/min
What is maximum temperature to heat to? 480 deg C
Figure 4.1: Configuration of Heat Loss Calibration
When the sample cell heater reaches the initial temperature, the sample cell heater is 
switched off and the program enters the wait step. During this step the guard heaters are 
maintained at the same temperature as in the previous step, and the sample cell
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temperature is allowed to settle. The length of this step (in minutes) is defined as the 
wait time.
At the end o f the wait step, the program enters a search period. The guard heaters are 
again maintained at the same temperature, and the sample temperature is checked for 
stability. Every 5 minutes during the search period, a least square fit o f the previous 5 
minutes data is performed on the sample cell temperature. The slope o f the fitted data is 
compared to the required stability for the test.
If the slope o f the fit is greater than the required stability then the sample cell 
temperature is not deemed to be stable. A further 5 minutes data is collected and the 
slope compared again.
If the slope o f the fit is less than or equal the required stability, then the sample 
temperature is deemed to be stable. The computer saves the final guard heater and 
sample cell temperature values to the data file and enters the heat step. The sample cell 
is then heated by the pre-defined temperature increment and the whole process is 
repeated until the maximum temperature to heat to is reached. After which the sample is 
allowed to cool down.
During the experiment, the pressure in the closed test may rise due to the increasing 
sample temperature or in flowing test at high pressure (see chapter 3). The pressure 
compensation system is used to equalize the containment vessel pressure to the test cell 
pressure.
The typical example here is shown in Figure 4.1. From this plan we see that the sample 
in the test cell was taken to an initial temperature o f 50 °C. The sample cell heater 
power is set at 10%. For each step there is a settling period o f 10 minutes and the search 
for a stability o f the sample at 0.005 °C/min. There is no time limit for search period. 
The temperature is increased by 15 °C and the cycle is repeated up to a maximum 
temperature o f 480 °C. At this temperature the sample is then cooled to ambient and the 
experiment ended.
2. Drift Check Test
This test applies similar algorithm to HWS consequence test, as can be seen below, 
using the heat loss compensation handler with an empty sample cell to ensure that the 
data is good and that false exotherms do not occur.
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3. Heat Wait Search Sequence (HWS)
Figure 4.2 shows the configuration of this test. The sample temperature is raised to the 
initial temperature using the sample cell heater. The guard heaters will reach the initial 
temperature and will remain at this value.
PHI-TECII Heat /W a it/ Search Test
Heat Parameters...
What is initial temperature for test? 70 deg C
What is temperature increment to employ? 5 deg C
Can heater power to use in heating? 20%
Wait Parameters...
What is settle time to employ? 5 min
Search Parameters....
What is maximum temperature to search to? 450 deg C
What is detection limit for exotherm 0.02 deg C/min
What is time to search for? 10 min
Tracking Parameters...
What is maximum temperature to track to? 480 deg C
What is final ROC for exotherm? 0.01 deg C/min
Figure 4.2: Configuration Of Heat Wait Search Test
As the sample temperature equals the initial temperature, the program enters the wait 
sequence. The sample cell heater is switched off. The first part of the wait period 
specified a settling period (minutes) during which the sample temperature is allowed to 
attain a stable value. At the end of this period, the guard heaters will be set to match the 
sample temperature. An adjust period follows and the heaters are again reset to match 
the sample temperature at the end of this period.
During the subsequent “search” period, the guard heaters will always remain at the 
temperature attained just after adjust period. At the end of research, the sample 
temperatures during the entire period are analyzed and a least squares fitted slope is 
compared with the detection limit for exotherm. If this is exceeded, then an exotherm is 
deemed to have occurred and the heaters are then set to tracking mode to follow the 
sample temperature. If no exotherm is detected, then the entire sequence is repeated by 
raising the sample temperature by the temperature increment.
During the tracking mode, two conditions can be user-defmed to terminate the test. If 
the sample temperature exceeds the maximum temperature to track to, the program
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terminates by switching off power to the guard heaters. Throughout the tracking mode, 
at intervals specified by the wait period, the sample temperatures are analyzed and the 
least squares fitted slope compared with the specified value, the exotherm is deemed to 
have subsided. If the sample temperature at this stage is less than the maximum 
temperature to search for, then the sequence repeats by the incremented temperature 
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Figure 4.3: Typical PHI-TECII Heat Wait Search Test
Throughout the test, if pressure compensation is selected, any increase in differential 
pressure above the pressure margin from the set pressure, will cause the toggled actions 
of the inlet solenoid valves, allowing controlled shots of high-pressure nitrogen into the 
pressure vessel, thereby reducing the differential pressure. For pressure compensation to 
be active, the operating software (PHI) must be current, although not necessarily 
accessing a test.
The typical example here is shown in Figure 4.2. From this plan we see that the sample 
in the test cell was taken to an initial temperature of 70 °C. The sample cell heater
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power is set at 20%. For each step there is a settling period o f 5 minutes and the search 
for an exotherm for another 10 minutes. If there is a temperature rise o f > 0.02 °C/min 
then the exotherm is detected and followed adiabatically. If no exotherm is detected the 
temperature is increased by 5 °C and the cycle is repeated up to a maximum 
temperature o f 450°C. At this temperature the sample is then cooled to ambient and the 
experiment ended.
4.2 OPERATING TECHNIQUE AND TEST PROCEDURE
This section discusses in details the techniques that have been developed during this 
research to test different light crude oils. It is assumed that the various sensors have 
been assigned and calibrated and that all control (PID) loops are tuned. The experiments 
set up option allows defining and configuring the test.
The concern here was mainly how to maintain adiabatic conditions and minimize the 
heat loss due to airflow and test cells which comes in different shapes and sizes so the 
heat loss from those cells dependent on different test cell sizes. First sep in experimental 
program is that the heat loss (Heat Loss Compensation Test) to the environment was 
obtained at different airflow rate pressure and temperature covering the entire range up 
to 500 °C. The test o f the accuracy o f heat loss handler device (Drift Check Test) was 
followed as the second step. Then, setup o f the heat wait search sequence (HWS Test) 
using the corrected HLC handler was followed by Post Run Procedures.
4.2.1 Creating a loss Compensation Device
The key to the operation o f the PHI-TECII is the ability to maintain the adiabticity of 
the sample cell. Since conduction, convection, and radiation modes o f heat transfer 
along with temperature measurements errors can cause drift in a calorimeter, the PHI- 
TECII employs an operational heat loss correction routine to achieve high adiabaticity. 
This should be carried out on a regular basis or whenever a major change has been 
made to the system (for each different pressure and/or flow rate, thermocouple or heater 
replacement, different sample cells, unacceptable drift, etc.). It should also include the 
range o f temperature used in testing substances and it is usually carried out using an 
empty, clean sample container. To create loss compensation data set there are four main 
stages:
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(1) Run a calibration experiment
This involves a set up o f the apparatus as follows (note that the experiment set up
procedures are similar to the HWS test and are discussed by details in section 4.2.4):
1. Wrap the sample heater around the clean, dry type 4 A test cell
2. Fit a sample cell in the reactor assembly and connect the feed and exit lines inside 
the pressure vessel wall.
3. A flow o f nitrogen is passed through the sample cell to verify that flow 
communication is satisfactory and that the mass flow controller is operating 
correctly.
4. Close the main vessel. Open the feed valve. Apply pressure from high pressure air 
cylinder <70 bar to the test cell and see that absolute pressure o f the sample cell 
does not drop by more than 0.4 bar in 30 minutes. The pressure in the sample cell is 
set via the backpressure regulator and the system checked for leak.
5. Connect the sample thermocouple and sample heater leads and then push these back 
into the recess to protect them from the high temperature during the experiment.
6. Place a disk o f kaowool over the guard heaters assembly to provide good insulation.
7. Seal the main vessel and apply pressure from the high-pressure nitrogen cylinder < 
60bar to the vessel. Shut off the N 2 supply and the vessel is checked for leaks.
8. Pressurize the sample cell to the desired pressure throughout the bypass valve. For 
operation above 70bar pressure, ‘pressure equalization’ must be used to protect the 
sample holder. This is implemented either electronically (PC control) or manually. 
In case o f manual control, in stage wise manner, the pressure increase gradually in 
sample cell and followed by increase pressure in the pressure vessel to maintain AP 
20-30 bar less than the sample cell pressure.
9. Once the required pressure has achieved, the bypass valve is closed. Then a constant 
and accurately controlled flow rate o f air flows through the sample cell during the 
experiment. The air flows from a gas cylinder through a pressure regulator to a gas 
mass flow controller and into the sample cell. (All equipment and sensors suitable 
for high pressure up to 400 bar). The backpressure regulator maintains the constant 
defined pressure during the test.
10. Then, the experiment is run. It is recommended that calibration experiment be 
expected to include the range o f temperature used in testing substances. It should 
also use small temperature steps, o f no more than 15°C, and at least 15 data points
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(preferable more) should be collected over the temperature range. Having more data 
points in the loss handler, will allow the computer to provide a better fit to data. The 
stability threshold used in a calibration experiment should be in the order o f 0.005 
°C/min. This needs to be lower than the exotherm detection threshold to be used in a 
HWS experiment; otherwise this can lead to the detection o f ‘false exotherms’.
11. After completion o f the run, the pressure vessel and sample cell are allowed to cool 
down to room temperature. The pressure in the sample cell and pressure vessel is 
kept at same pressure to save re-pressurization for the Drift Check Test, which will 
be discussed in the followed section.
12. The data acquisition software stores o f data. Once the experiment is ended the 
software writes a permanent file to disk. The data file can be imported to Wincalc 
software (see section 4.3) for subsequent analysis.
2. Extract the heat loss compensation data
Extract the heat loss compensation data from the calibration experiment. The data file 
from the calibration experiment contains the test data (temperature, pressure etc.) for the 
whole experiment. This is saved at the end o f each search step in the following form:
(Tsample VS. AT average » ATtop > ATbottom* ATside) •
This data needs to be copied from the data file. The data may be accessed through the 
PHI software by selecting the data set information window in the data analysis section. 
Alternatively, the table o f the data at the end o f data file may be accessed with a test 
editor.
3. Create a new handler
When a new heat loss compensation handler is created it may be useful to contain the 
test cell type and sample material in the name.
4. Create a good fit
Once the data has been entered into the new handler, a best polynomial fit should be 
created. It is good practice that always views the data graphically to check the accuracy 
o f fit. It is worth performing several fits to the data and viewing these graphically to see 
which is ‘best’.
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5. A pply a confidence factor
At points where the fitted data goes above the actual data from the calibration 
experiment, there may be danger o f the guard heater leading the sample and producing a 
false exotherm. Gathering many data points to give a good fit can decrease this. The 
confidence factor can also be applied to avoid this.
6. Application o f  H L C  Device
Once the heat loss data has been gathered, this may be used in an experiment. During 
the experiment, the computer finds the required offset o f the guard heaters (Tcuards -  
Tsampie) from the calibration data at the any sample temperature and pressure. This offset 
(or a factor o f this) is then applied to the guard heaters to counteract the heat losses. 
Several calibration data files may be saved to account for the heat losses from different 
air flow rate and experimental pressure.
4.2.2 Drift Check Test
This test is normally run immediately after the HLC has created. The purpose o f test is 
to check the validity o f calibration by running a HWS test on an empty cell.
1. Once the HLC test is completed, the device is created and reactor is cooled 
down to the ambient temperature, there is no need to disconnect the test cell or 
depressurize the system.
2. Configure the test plan (see section 4.1) and run the HWS sequence test using 
the heat loss compensation device.
3. Once the test is ended, then the data is analyzed. Calculation o f the heat loss 
which may be taken as the rate o f self-heating multiplied by the time at each 
temperature step. If the test shows no heat input or loss at temperatures range 
tested, the HLC device is deemed to be correct.
4. If the test shows heat gain or loss to the sample cell, the HLC device is deemed 
to be incorrect and requires retest. This may achieve by changing the stability 
threshold and collect various tests. Drift checks are not always confirmatory. 
Failures may occur over a restricted temperature range.
5. After completion o f the run, the pressure vessel and sample holder are allowed 
to cool down to room temperature. The pressure in the sample holder is reduced
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down gradually to atmospheric by manual operation o f the backpressure 
regulator. The pressure vessel is opened to allow the sample holder to be 
disconnected.
4.1.3 Preparation Of Oil-Water-Rock Combination Sample
The mixture o f oil, water and sand in all runs were prepared using clean, North Sea 
unconsolidated reservoir rock. The procedure o f preparing and loading the samples as 
follows:
1. Prepare clean, dry type (4 A) sample cell and measure its weight.
2. The North Sea reservoir rocks (clean, unconsolidated, 75-150 mesh) were used 
in all runs. The amount required was carefully weighted using a very sensitive 
balance.
3. The volume o f oil and water needed for test is measured by a syringe
4. Loading the oil-water-rock combination methods
The loading o f liquids is accomplished using a syringe and needle. Loading solids 
requires the use o f more complex procedures, depending on the physical nature o f  
the sample. Typical loading techniques for crushed reservoir rock are free flowing 
sand particle using an open-top syringe without the needle. The system usually 
needs to be manually agitated. The sand is loaded first followed by water and then 
the oil. The mixture is mixed in conjunction with a rod that is slightly smaller in 
diameter than the internal diameter o f the sample cell.
5. The sample cell is secured and sealed.
4.2.4 Heat-Wait-Search Test
After the experimental plan was set up, samples were prepared and loaded to the sample 
cell. The following experimental procedure is then used:
1. The feed and exit lines are tested separately for leak to the maximum pressure 
required for the experiment i.e. 350 bar.
2. The sample cell is pressurized by nitrogen to 70bar to test for leaks. Shut off the 
nitrogen supply when this reading is reached and monitor the pressure reading. 
Then, the sample cell is disconnected from the nitrogen supply.
3. The sample heater is wrapped around the test cell and is secured.
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4. The sample cell is attached to the lower section on the calorimeter assembly by a 
pressure line leads to the pressure transducer. It contains two lines the inlet tube 
connected to mass flow controller and the outlet tube led to the backpressure 
regulator. When connecting the feed and exit lines, care should be taken that the 
connections inside the vessel wall do not move. This is to prevent gas leak due 
to stress in the pipe when the air is injected.
5. A flow o f Nitrogen is passed through the sample cell to verify that flow 
communication is satisfactory and that the mass flow controller is operating 
correctly.
6. Air is used to pressurize the sample cell using the by-pass valve around the mass 
flow controller to a desired pressure i.e. 70 bar to check for leaks. Shut off the 
air supply when this reading is reached. The backpressure regulator adjusts the 
pressure required for test.
7. The sample thermocouple and sample heater leads are connected and are 
positioned between the guard heaters and the vessel to protect them from the 
high temperature during the experiment.
8. Place a disk o f kawool over the guard heater assembly to provide good 
insulation.
9. The gasket is positioned on the head o f the reactor and the led o f the pressure 
vessel is set and bolt in place by the torque wrench to the desired torque.
10. Connect the top heater thermocouple and heaters cables.
11. Once the calorimeter is sealed and the sample cell is checked for leaks, then the 
nitrogen is allowed to flow to the vessel to the desired pressure (Manual 
Control) i.e. 60 bar to check for leaks. Then the pressure is allowed to reach 
steady state i.e. 10 minutes before increasing the pressure.
12. The injected air is resumed in wise step manner i.e. each step 30 bar followed by 
injecting slugs o f nitrogen to minimize the differential pressure. Backpressure 
regulator controls the sample pressure and the pressure vessel adjusted by 
pressure regulator. The pressurize procedures is stopped each 50 bar for 
checking leaks. These procedures are continued till the desired pressure is 
reached.
13. Following leak tests and pressurization, once steady flow conditions achieved, 
the inlet by-pass valve is closed. A constant and accurately controlled flow rate
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of air flows through the sample holder during the experiment. The air flows 
from a gas cylinder through a gas mass flow controller and into the sample cell. 
The backpressure regulator is used to adjust the required pressure.
14. The effluent gases pass through three gas analyzers connected in series that 
measures the concentration o f O2, CO2 and CO. The gases from each analyzer 
eventually join the main gas production line, which was connected to the wet 
test meter. The analyzers are connected to a computer-controlled data- 
acquisition system.
15. Check the following items: Check that the equipment is properly installed -  
make sure that the vent valve in partially open, N 2 supply line to the vessel is 
open, enough pressure in the gas cylinders, all pressure regulator set at the 
required pressure, the electronics’ rack is switched on and all cables are 
connected at both ends, the computer readings are sensible, the guard heater 
power supply unit (PSU) is switched on (indicator LED on front panel) and limit 
dials are all set to 100%. Ensure that there is enough memory free for the whole 
o f the test.
16. Test Set-Up
• Before running the test, the correct HLC must be selected.
• At this stage, the test can be initiated by set up the proper configuration (see 
section 4.1).
17. The data acquisition software stores o f data at a frequency that is determined by 
the instantaneous self-heat rate o f the exothermic reaction: default sampling 
period range from 25 s to 0.1 s, i.e. the faster the self-heat rate the shorter the 
save period.
18. Note, if  the leak is detected at any stage, this requires depressurization o f the 
system to the atmospheric and having to start the set up over again.
4.2.5 Post Run Procedures
After completion o f the run, the pressure vessel and sample cell are allowed to cool 
down to room temperature, this may take about 7 hrs.
1. In the meantime, the gas analysis data can be copied and the computer, which is 
used to log the FGA data, is switched off. The gas analyzers are flushed and 
calibrated by passing oxygen free nitrogen gas through all the analyzers and the
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zero value was adjusted by using the zero switches on the O2, CO2 and CO 
analyzers. The appropriate calibration gas was then fed to the analyzers and 
recorded levels adjusted by using span switch. Then, the analyzers are switched 
off.
2. The pressure in the sample cell is reduced down gradually to atmospheric by 
manual operation o f the backpressure regulator followed closely by de- 
pressurization o f containment vessel. The pressure vessel is unscrewed using 
torque wrench and opened to allow the sample cell to be disconnected.
3. Remove the kawool disk and needs to be replaced by a new one to provide good 
insulation for the next experiment.
4. The sample thermocouple and sample heater leads are disconnected carefully 
without bending them to prevent any cable damage i.e. short circuit.
5. The sample cell is disconnected from the inlet tube and the outlet tube. When 
disconnecting the feed and exit lines, care should be taken again that the 
connections inside the vessel wall do not move. This is to prevent gas leak due 
to stress in the pipe when the air is injected.
6. The sample heater is unwrapped from the test cell. The heater resistivity is tested 
and compared to a new one prior to reuse.
7. The test cell is unplugged to recover the remaining oil and sand. This 
accomplished by mechanical shaking o f the sample cell to extrude its contents 
onto a clean paper. The thermogravimetric analysis may be carried out (the 
sample heated in an oven for 8 hr at 800°C and measure the overall percentage 
weight loss o f each sample to measure the fuel left).
8. The recycling o f test cells is very important in order to minimize the 
experimental cost. Appropriate solvents such as toluene can be used, to cleanse 
the test cell. These are then allowed to evaporate, or are boiled-off through 
heating. A steam o f air is passed through the cell and allowed to dry out. Re­
weighing checks the cleanliness o f the test cell. The limiting factor on a test 
cell’s reusability then becomes that o f its failure to pressure-seal.
9. The condenser trap is disconnected and cleaned out.
10. The pressure system is inspected and if  any fittings on the pressure system are 
loosened or replaced, the pressure system should be retest.
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11. This step is carried out in consequence after step 2. Once the experiment is 
ended the software writes a permanent file to disk. The computer must not 
switch off at this stage. Once the data file is written, the equipment can be 
switched off. It is good practice to make sure that the electronics unit is switched 
off before leaving the PHI program, certainly before turning o ff the computer.
12. The “raw data file” that is created will always contain values o f time, sample 
temperature and sample pressure but other variables can also be recorded. The 
“raw data file” may contain many thousands o f sets o f data and is reduced to a 
manageable size by running the WINCALC software and creating a “summary 
data file” which will typically contain between 100 and 300 rows o f data.
13. The raw data files, normally 6-8 MB capacity are copied using external zip 
drives for subsequent analysis.
4.3 THE INTERPRETATION OF SELF-HEAT RATE DATA
One approach to modeling kinetics o f air injection process would be to isolate reaction 
component and study its kinetic behavior under a conditions o f temperature, oxygen 
partial pressure, and time; however, this idealistic approach does not take into account 
the surface area effect o f reservoir rock matrix (Drici and Vossoughi, 1985), and is not a 
practical because o f the complex chemical nature and the multitude o f components in 
crude oil (Burger et al., 1985; Vossoughi and Saim, 1992). Therefore, kinetic studies 
should be determined for crude oil in its original matrix, and be aimed to groups of 
reactions rather than individual ones. The adiabatic calorimeter is suited to handling 
these overall reactions without having to break the oil down into its individual 
components.
This section is an effort to summarize the theoretical base o f the Accelerating Rate 
Calorimeter and show how the theory is behind all calculations carried out with 
accelerating rate calorimetry data. Publications referenced at the end describe in more 
detail many theoretical aspects (Townsend and Tou, 1980; Tou and Whiting, 1981; 
Snee et al., 1992; Sempere et al., 1999).
4.3.1 The Global Reaction Kinetics Using SHR Data
Adiabatic techniques are used extensively to determine the thermokinetic properties o f  
an exothermic reaction. The broad objective o f adiabatic techniques is to determine the
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rate o f temperature and pressure rise as a function o f temperature for an exothermic 
reaction under conditions where heat losses to the surroundings are eliminated. A 
number o f important assumptions have to be made in order to derive the thermokinetic 
parameters o f an exothermic reaction from experimental data on the rate o f self-heating 
under adiabatic conditions (Townsend, 1979; Tou, 1981; Snee, 1992; Sempere, 1999), 
these assumptions are:
♦ In most cases o f practical interest, the experimental reactor can be considered as a 
perfectly mixed.
♦ The reaction mechanism is assumed to be independent o f temperature hence the 
temperature and concentration dependencies can be treated separately.
♦ The total heat generated is evaluated directly from the adiabatic temperature rise 
assuming constant heat capacity for the reaction system.
♦ At any stage in the reaction, the heat generated is assumed to correspond to changes 
in concentration such that the rate o f change o f concentration and the rate o f heat 
generation are directly proportional to the rate o f temperature rise under adiabatic 
conditions. In addition the extent o f reaction is equal to the temperature increase 
expressed as a fraction o f the total adiabatic temperature rise.
♦ The temperature dependence o f the reaction rate constant is assumed to follow the 
Arrhenius equation.
♦ The dependence o f reaction rate on concentration is represented by a single order o f 
reaction with fractional values used so that complex mechanisms can be represented 
by simple overall kinetic expressions.
These assumptions are necessary particularly in systems where only limited data are 
available on physical and chemical properties o f the reaction system.
Ideally kinetics analysis should only be carried out on simple reactions showing a single 
mechanism, but often in practice "numbers" are demanded from complex data, 
indicating multiple overlapping reactions. This is usually carried out empirically by 
selecting Arrhenius portions o f data, but this should be done only with great care. Other 
methods to model the complex reactions, outside the scope o f this research objective, 
involve the use o f more sophisticated software.
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Standard procedures for determining the exothrmicity (AH) and the kinetic constants 
(Ar, N  and Ea) from adiabatic self-heat rate data (assuming specific heat capacity (Cp) is 
constant) are described in the following section.
The rate o f oxidation o f crude oil in a porous medium, Rc, can be described as follows 
(Bousaid and Ramey, 1968; Burger and Sahuquet, 1972)
Where k is the reaction rate constant, Cf and P02, are the crude oil (fuel) and oxygen 
concentration, t is the time and m and n are the orders o f reaction.
Since an excess o f oxygen is maintained at a constant partial pressure in the reactor by 
continuous air feeding, it is assumed that the reaction rate has a zero order dependency 
on oxygen and a simple nth order reaction is assumed for the fuel.
Where k is a function o f temperature, -(dCf/dt) is a function o f fuel (oil) concentration. 
The temperature dependence o f the rate constant, k, is usually assumed to follow the 
Arrhenius equation.
Where the constant Ar is the pre-exponential factor, constant Ea, the activation energy, 
R is the gas constant and T is the temperature.
For an exothermic reaction at adiabatic conditions, the heat generated from the reaction 
at initial temperature To will result in a temperature rise, which in turn accelerates the
acceleration o f the rate is the depletion o f oil. Therefore, the rate o f reaction is expected 
to decrease after reaching its maximum value Tm and finally diminishes to zero at the
Thermodynamically, the relationship between the initial concentration, Cf0, the 
concentration, Cf, at any chosen time, t, may, in an adiabatic state, be related to 
temperatures. The assumption being that losing all reactant produces all heat and losing 




rates o f reaction as shown in equations 4-2 and 4-3. However associated with the




concentration o f reactant left is proportional to the amount o f heat still to be produced. 
Consequently, the temperature changes are directly proportional to changes in 
concentration and the extent o f reaction.
Cf a  T f -T  Equation 4-5
Where 7/is the final temperature and T is the temperature at any time, and 
Cf0 a  Tf - To Equation 4-6
Where To is the onset o f exothermic reaction, therefore
AT ad - T f  - To Equation 4-7
Where A Tad is the instrument temperature rise in a fully adiabatic system, therefore 
Tf - T
Cf  = C/o — --------------------------------------  Equation 4-8
Differentiating the concentration/temperature relationship with respect to temperature
d C f - C f
— — = ----- —  Equation 4-9
dT  (A7^)
Rules o f calculus will allow
dT  _  dT  dCf  
dt dC f  dt
and
dT  (  d t v l






Rearranging the above equation
dT  b T J k C fn
—  = ----------—  Equation 4-10
dt (C/0 )
Substituting k and C from Equations 4-3 and 4-8 respectively in Equation 4-10 to give 
the rate at any temperature
' ad
dt C y 0 K ^ a d  J
C nf0A e RT
This can be rearranged to give the following equation
dT  ( T s - T ^  ~E‘
^ = (A r )- V y
C nf Q Ae RT Equation 4-11
However if the self-heat rate is close to or at the onset o f the reaction, simplifies to the 
equation below
dT  ~^ a
r ± - ( t  = 0) = C /o"~'&TadA.e S7i Equation 4-12
The Equations 4-11 and 4-12 are the two fundamental equations o f adiabatic kinetic 
which is the foundation for data analysis o f accelerating rate calorimetry results.
Reaction Order Determination
In the previous section, the method o f obtaining the reaction order by modeling the self­
heat rate data was discussed. But in many experiments this is either not possible since 
the reaction is not fully described, may be complex mechanism, overlapping reactions 
or autocatalysis. In such cases it is often chosen to determine simply the zero order 
activation energy, which would be a worst-case result. However Townsend and Tou 
1980 in their development o f the Accelerating Rate Calorimeter, devised the concept of
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k*, a pseudo zero-order rate constant in attempts to find the order o f reaction where not 
all data was available,
fdT'j ( T f - T )
d t ; T )
Which may be re-written as
( d T '1 ( T f - T )
d t j T J
This can be arranged and substituting the value o f k to give the following equation 
dT/
, _____
Equation 4-13'dt n- 1 A -E /R T
Tf - T
Tf - T ,
= Cfr A . e
( T f - T , )




This is the plotting equation has been used in accelerating rate calorimetry, k* can be 
evaluated from experimental data. Thus a plot o f In k* against 1/T give a straight line if  
the correct value o f n chosen, and A and Ea can be evaluated from the intercept and 
gradient respectively.
WINCALC Software
The PHI-TEC II possesses a suite o f software called PHI, which control the 
experimental set-up and recording. This has detailed earlier in chapter 3. There is also 
another software, which aids in the analysis o f the experimental data obtained. This is 
termed the WINCALC software, Figure 4.4. On completion o f a PHI-TEC II test, the 
data is uploaded from the processor memory and saved into a hard disk in its original 
format. The test or run data file is stored under the reserved extension ”.dat”, and
71
contains a combination o f raw data collected during the run depending on the data type 
used and then transported to Wincalc for subsequent analysis. Run data files may 
therefore include the raw data expressed in units shown below:
Run Parameters STORED DATA
(0 PHI-TECII Run Number (I) Time (min)
(ii) Sample Mass (gm) (n) Temperature (C)
(iii) Test Cell Mass (gm) (m) Temperature Rate (C/min)
(iv) Test Cell Type (IV) Vessel Pressure (bar)
(v) Run Date (V) Pressure Rate (bar/min)
(VI) Differential Pressure (bar)
Wincalc is the software program is used to facilitate the determination o f  
thermodynamic and kinetic parameters from data files. In addition Wincalc has the 
functionality to allow high quality flexible graphing and to allow numerical 
manipulation o f data normally associated with spreadsheet applications. It also enables 
the large data files to be opened up and produces a plot o f temperature and pressure 
against time; this graph indicates the exotherm produced from the experiment reactions. 
The data is then reduced to the relevant regions where reaction is seen to have occurred 
by following the procedures below.
1. The point at which the exotherm starts (onset temperature) is marked on the 
graph after zooming in to see the exact point at which the exotherm starts.
2. The temperature at which the low temperature reaction is seen to switch into a 
different mode (auto-ignition) is also noted and is inputted into the reformatting 
program. The data is reduced over the LTO period and kinetic parameters are 
obtained.
3. The temperature at which the high temperature reaction begins as well as the 
terminating temperature is noted and inputted into the reformatting program. 
The data is reduced over the HTO period and kinetic parameters are obtained
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Figure 4-4: Wincalc Software
Raw data (e.g. time, temperature and pressure) is extracted from the experimental data 
and the rates of change of temperature and pressure is calculated by regression on 
successive batches of raw data. For each batch of n values of time, temperature and 
pressure, a least squares fit gives:
—  = Equation 4.15
dt
- f  1 1, A mmEquation 4.16
where x  =  temperature or pressure
Xmean ~  mean temperature or pressure during the interval 
tmean =  time corresponding to the midpoint o f the batch.
The size of the batch data used to calculate the temperature and pressure gradients; i.e. 
the smoothing interval and the time step between successive data points in the reduced 
output may be changed. The smoothing interval varies with the calculated change of 
temperature or pressure. At the beginning of the exotherm, when dT/dt is small and not 
changing rapidly, the smoothing interval and time step should be large to ensure that 
accurate values for dT/dt and dP/dt are obtained. As the temperature and/or pressure
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accelerate the smoothing interval and time step should be gradually reduced until the 
smoothing interval is only a few points and the time step approaches the interval 
between raw data points. It should be checked that a representative summary o f the 
original data has been achieved in the smoothing process. Comparing a plot o f T vs t for 
the reduced data with a similar plot for the original data does this.
The data obtained from the reformatting and regression o f the original data include the 
self heat rate o f the reaction, dT/dt (°C/sec), dP/dt (bar/sec), InP, (with P in Pascal’s) 
and Ink, where k is a pseudo rate constant obtained from the following equation:
j dT  !d t „  .
k  = t  ttt r-7 w- Equation 4.17
where T /  = final temperature reached by the sample
To = temperature at the start o f the reaction
n = supposed order o f the reaction
From the slope o f Ink versus temperature, which should be a straight line, the remaining 
kinetic parameters are obtained. The slope o f the plot equates to the activation energy of 
the reaction, Ea divided by the gas constant R, and the intercept is related to the 
logarithm o f the pre-exponential term, Ar, in the Arrhenius equation.
4.3.2 Calculation of Energy Evolved
If the enthalpy change is proportional to the change in conversion, the rate o f heat 
generation due to a simple exothermic reaction is given by:
T,tAH  = ms j C pdT  Equation 4.18
To
At constant Cp the equation above become as follow
-AH = ms .Cp . ATad Equation 4.19
Where ATad=(Tf - To) =Adiabatic temperature rise (°C)
Tf = final exothermic temperature (°C)
To = exothermic onset temperature (°C)
Cp = reactant mean specific heat (J/g.k) 
ms = mass o f reactants (gm)
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This lead to the fundamental equation for determination o f the heat o f reaction when a 
system is fully adiabatic
AH = Cp. ATad Equation 4.20
Enthalpy o f reaction data, as calculated from equation above, will be quoted per gram of  
reactant mixture. But in any laboratory scale instrument heat must be lost into the 
sample container. There is a correction required, the well know <|> correction. However 
the following mathematics only then apply if  no heat is given to or lost from the 
container, i.e. the system itself is fully adiabatic.
The total heat generated in an adiabatic system is
Qz = ms .AH Equation 4.21
where ms is the sample mass, therefore
Qz = ms -CpAT^ Equation 4-22
But the heat generated is shared between the sample and the container
Q z= Qs Qb
It causes an equal (system) temperature rise in both the sample and the container
Qz ~ M S.Cp.iATgd) gys + M bC ^
or
M s -C p A T ad =  i M s C pS ' +  M b C pb ) ( A T ad )sys
Rearranging
A Tad M sC ^ M C pb
(A7%. M ,C„
The definition o f <|) is Phi-factor, or thermal inertia
Phi Factor = 0 = 1 +  Thermal Mass o f  Sample Cell = ] +  ( M C P)b Equation 4.23
Thermal Mass o f Sample t ~~ N
(M  C p )s
The thermal dilution factor, <|>, takes account o f distribution o f heat between the sample 
and the sample container, or can be defined as a correction factor for heat lost into the 
bomb.
Many important features cannot be ‘calculated out’ o f high <|>-factor data and must be
determined experimentally. However, for reactive materials a high <|> factor and a low
sample mass are favorable. In this way, the temperature o f the calorimeter will ‘follow’
that o f the sample without error, i.e. there will be no deviation from adiabaticity, no heat
lost from the sample. For materials o f low reactivity, a low § factor and a high sample
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mass are to be preferred. In this way, the loss o f accuracy due to a weak thermal effect 
and a large correction factor will be avoided (Ramey and Ottaway, 1991). And therefore 
AT* = <*(A r j „
and finally, thus
AH = <t>.ms.Cps. ATad Equation 4.24
MsCps-  M0n Cpoii + A/jvater CpWater~^ MR0Ck CpRock Equation 4.25
4.4 INTERPRETATION OF FLOW GAS ANALYSIS DATA
This section concerns with the calculation o f combustion parameters/kinetics using 
effluent gas analysis to explore the behavior o f oxygen removal capacity and 
combustion o f crude oil under various conditions. For each run, the produced gas was 
analyzed to determine the concentration o f carbon dioxide, carbon monoxide and 
oxygen as a function o f time. The oxidation and combustion parameters were also 
calculated for each run (Fassihi, 1984; Dubdub, 1990; Shallcross, 1991; Kisler, 1997). 
4.4.1 Calculation of Oxygen consumed
The amount o f oxygen consumed is an important factor in LOAI process. Throughout 
the runs, the air injection rate was held constant by using a sensitive mass flow 
controller. As a result o f the reaction o f oxygen from air with crude oil, the rate o f  
produced gases varied. In order to include this variation in flow rate, the measured 
oxygen consumed must be adjusted using equations below.
If uj and u0 as the nitrogen concentration yj, y0 as the oxygen concentration and q \ , qo 
are the flow rates in the inlet and outlet, assuming the nitrogen does not react, then 
qi Di= D0 qo Equation (4.26)
Also, assuming that the produced gases are only oxygen, nitrogen and carbon oxides, 
which measured by the analysers. The assumption was done base on the previous 
researchers observation that only minimal amount o f hydrogen and hydrocarbons 
present in the effluent gas (Fassihi et al., 1984; Dubdub et al., 1990).
D0 = (1 -C02-CO-y0 ) Equation (4.27)
Where CO2, CO and y0 are the gases concentration in the effluent gases as measured by 
the analysers. Putting the value o f o0 in equation 4-26 
qi Di = qo (1 -C02-CO-y0 )
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Vo = (1 - C 0 2 - C O - r 0)
Equation (4.28)
If the change in the oxygen consumption and amount o f carbon oxides produced is 
required, then
qlAr = q,rl -q0r„ Equation (4.29)
From equation (4-28)
W iqAr=q,r, - r 0
A y = y . - y
A y =
\ - c o 2-co ~ r0
1 - C 0 2 - C O - y 0
r,(i-co2- c o - r 0 -r o0 -r ,))
A y  =
(i- c o 2- c o - y 0) 
r (( i - o o ,  - c o ) - Yo Equation (4.30)
(i- c o 2-co-r„) _
Equation (4.30) was used throughout the gas analysis to calculate the oxygen 




v0 -Yc Equation (4.31)
The oxygen consumed in excess is assumed to form LTO products at low temperature 
and carbon oxides and water in HTO reactions at higher temperatures. Hence, the 
amount o f O2 appearing as carbon oxides can be estimated as 
ACOx = CO2+I/2 CO, Equation (4-32)
Oxygen Utilization
The combustion performance can also be evaluated, in part, from the oxygen utilization. 
This is defined as the fraction o f oxygen consumed in the oxidation reactions from the 
total oxygen injected (Burger et al., 1985).
Oxygen Utilization (%) = Y i - Y o  
. Yt
x 100 Equation (4-33)
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4.4.2 COMBUSTION AND OXIDATION PARAMETERS CALCULATION
The combustion of hydrocarbon fuel (CHX) can be presented by the stoichiometric 
equation for the HTO process (Equation 2.4) (Burger et al., 1985).
CH  +
, m* x ^1 + —
2 4
0 2 -> (l -  m ')C02 + m'CO  + x/ i H 20  Equation (4.34)
The mole percent of oxygen consumed may be calculated by the above equation, where
Y
x is the atomic hydrogen to carbon ratio o f the fuel (H/C ratio) and m '= ------- —------ ,
(Xco C^Ol)
y is the produced gas concentration. From the equation (4.34) the actual oxygen 
consumed to form carbon oxides and water is
Yactuai -  ~  (PO  + CO2) + C 0 2 + (0.5 x CO) Equation (4.35)
The apparent hydrogen-carbon ratio can be calculated from an oxygen balance
4[0.m easured -  C 0 7 -  0.5 x CO) .
x = - i— -^------------------- --------------- - Equation (4.36)
(C 0 2  + C 0 )  H '
4 [ ~  vo- (CO2+0.5xCO+y 0)]
x  =  1-------------------------------------  Equation (4.37)
(C 0 2  + CO) H J
Molar C02/C0
In order to investigate the low temperature oxidation and fuel combustion reactions the 
molar C02/CO ratios were calculated for each experiment.
Carbon Balance
Let CO and CO2 be the mole percent o f produced carbon monoxide and carbon dioxide 
during carbon combustion, qo is the effluent gas flow rate (cm3/min). Therefore at any 
instant, volume o f carbon produced
C=(CO+C02).qo Equation (4.38)
One mole o f gas o f standard conditions occupies 22400 cm3 (24200 at 22 °C) and 12 are 
the gram atomic weight o f carbon. The total mass o f carbon burnt C f  after time (t) can 
be found by calculating the area under curve o f carbon oxides by Simpson’s rule 
Ct = [(Area under the sum of Coxide curve). 12. qo]/24200 Equation (4-39)
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The sum of the Ct will yield the total carbon CT present in the bed as a fuel at the start 
of the oxidation.
CT  = *| [(Area under the sum of Coxide curve). 12. qo]/24200 Equation (4-40)
o
The Ct represents the carbon concentration o f the reacting fuel at particular oxidation 
time.
Cc= CT-Ct Equation (4-41)
The amount o f cumulative carbon burned steadily increases while the carbon 
concentration o f the reacting fuel correspondingly decrease with the increase in 
combustion time.
4.4.3 ESTIMATION OF REACTION KINETIC PARAMETERS USING FGA
A kinetic model given in this section developed by Weijdema (1968) and adapted to 
reaction kinetic studies by Fassihi (1984) was used for analysis o f this study. The 
reaction rates are assumed to depend only on concentrations o f the two reactants: the 
hydrocarbon fuel and oxygen. For each oxidation regime the rate o f oxygen 
consumption may be equated to the reaction rate (Wejdema, 1986; Fassihi et al., 1984; 
Dubdub et al., 1990; Shallcross, 1991; Kisler and Shallcross, 1997):
AL
r
= ArC"P"2 exp Ea.
R T
Equation (4-42)
Where qo = volumetric inlet air flow rate, cm /min, A y =  molar concentration o f oxygen 
consumed, mole %  is defined as a function o f the inlet gas flow rate, A= area o f sand 
mixture, cm2/gm, L= length o f the sand bed, cm, Ar= pre-Arrhenius constant, 1/min, 
Pq2~  oxygen partial pressure, kpa, C c = instantaneous fuel concentration gm fuel/100
gm sand, Ea= activation energy, kJ/mole, R= universal gas constant, T= Temperature, 
°K, M and n are the reaction with respect to oxygen partial pressure and concentration 
respectively.
Rearrangement o f equation (4-42) yields an expression for the instantaneous fuel 
concentration:




Since the oxidation reactions depend only on the availability o f fuel and oxygen, the 
oxygen consumption rate must be proportional to rate o f decrease o f oil saturation
q A r
AL
= - a dC ,
dt
Equation (4-44)
where a  is the proportionality factor, equal to the amount o f oxygen in the moles that 
reacts with one gram of the oil. Combining equations (4-43) and (4-44): 
q A r  , - E  - a d C ,
= A .P Z  exp .C nf =AL. ' 02  v  RT f dt
Equation (4-45)
At any time, t, the fuel concentration is Cf but as approaches infinity the fuel 
concentration drops to zero since all the fuel will have been consumed. Integration 
equation (4-45) between time t and infinity yields:





A L .A r .PJ2.QX p
RT
Substitute the equation (4-46) in equation (4-47)





r*. k \"  
\ ^ - d t
a .A L
f  ~  \ n 1 A
02 r<h_ 
\ A L j a '






| a / .d t
RT
Equation (4-50)
A graphical integration is applied to the values for the left-hand side o f equation (4-50), 
assuming n is equal to one. The Multiply Application Trapezoidal rule which has been 
used in the model, is in the general form of equation:
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/ (* < > )+ £ /(* , ) + / ( * , )
/=!
where: a= the first value o f xi, b= the final value of xi, n= points number of xi and the
/ ( * o )  +  2Z / ( * i  )  +  / ( * , , )
(b-a) term represents the width, while the term ------------- —-------------------  represents
I n
the average height of the elements. Then a graph of the natural logarithm of the left- 
hand side of equation (4-50) verses 1/T yields a straight line with a slope of -E /R  and 
an intercept of lnp.
4.3 EXPERIMENTAL OUTLINE
Experiments were performed in different stages designed in such a way as to be able to 
study the effects of various parameters on oxidation kinetics and exothermicity 
characteristics. The experimental stages and methods are described in this section.
The experiments were carried out on five North Sea light oil, Australian light oil and 
medium heavy Maya oil of Sough American origin. The properties of the crude oils 
used in the experiments are shown in table 1.
Table 4-1: Crude Oil and Reservoir Properties
North Sea Light Oil Oil-A Oil-B Oil-C Oil-D Oil-E
API gravity 36 37 37 39 36
Viscosity (CP, at reservoir conditions) 0.71 0.27 0.27 0.4 -
Reservoir Temperature (°C) 118 111 116 121 60-130
Reservoir Pressure (bar) 218 446 442 172 350
Permeability 150 100 250 50 -
Porosity 0.22 0.23 0.24 0.22 0.24
Saturates wt % 69 61 74 71 -
Aromatics, wt% 18 24 11 13 -
Resins, wt% 13 15 15 16 -
Ashpaltenes, wt% Negligible Negligible Negligible Negligible -
Crude Oil Oil-Au Oil-M
API gravity 41 20
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The experimental plan was designed in order to achieve the results that needed to 
accomplish the research project objectives. This was carried out in stage manner as 
follows:
1. Equipment Familiarity & Optimization of Amount of reactants
To ensure familiarization with the equipment, a number o f experimental runs were 
made as a closed system after which an experimental design was designed. It was not 
difficult to define the experimental conditions perhaps the only difficult decision is the 
amount o f samples to use. Too little sample will mean too small reaction but too large 
sample may cause sample cell rupture by a spontaneous explosive reactions. The 
sample mass is important, and this should be considered with the type o f sample cell 
being used and the reactivity o f substance.
Finally two techniques were selected to optimize the amount o f oil-water-rock 
combination in order to simulate the experimental condition as close as possible to the 
real reservoir conditions. The first method was used to simulate the ratios o f reactants, 
which can be loaded in the combustion tube i.e. sand pack (typically 37% porosity). The 
second method was used to simulate the ratios o f reactants in the real oil reservoir based 
on the average reservoir porosity 24%.
In both methods, as the volume o f sample cell is 10 ml, 0.72 ml was chosen to 
representative a 100% oil saturation in the sand pack and it gives a volumetric ratio o f  
7% oil at atmospheric pressure.
Therefore, as the pore volume was fixed to be 0.72 ml the amount o f rock had to be 
varied to achieve the required porosity or oil/rock ratio. The volume o f water needed for 
experiment was also selected based on the pore volume, which 0.72 ml represents 100% 
water saturation.
2. Investigate The Possibility to Modify The Apparatus to Continuous Flow
To study the shortcoming o f closed equipment, a number o f experimental runs were 
made (Table 4-2). As the pressure increases over the course o f experiment, the final 
pressure had to be taken into account to ensure that the maximum pressure does not 
exceed the pressure limit o f the equipment. Based on the previous phase, some major 
shortcomings o f closed system were appeared. Hence, many possibilities were proposed 
and investigated to overcome these obstructions. The comparison o f closed test and 
continuous flow test were conducted (Table 4-2 & Table 4-3). Reproducibility of
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experiments was also considered to be one o f the major concerns and a number o f  
experiments were repeated to investigate the validity o f experimental results.
The capability and limitation o f the system was also studied.
3. The Effect of Physical Parameters on Exothermicity Characteristics
The reservoir physical properties play a major role in the efficiency o f air injection 
process. To address some o f these issues a comprehensive laboratory study was 
conducted on the reactivity and exotherimicity characteristics o f five North Sea Light 
oils, studied in terms o f self-heat rate and reaction time, starting from the initial 
reservoir temperature, and investigating the effect o f physical parameters on oxidation 
reaction behavior. These effects can be related to reservoir field conditions and used to 
judge the suitability o f air injection.
An comparison between experiments were made based on the following:
•  Self-heat Rate Profile i.e. exotherm onset, spontaneous ignition temperature, 
maximum temperature
• Time to maximum rate (delay time)
• Oxygen consumption Rate
•  Oxygen utilization, %  o f injected oxygen.
•  Overall amount o f carbon converted to gaseous oxides (fuel availability).
•  Oxygen consumed to carbon oxides produced.
•  Combustion and oxidation parameters such as H/C and (CC>2+CC>)/CO
• Amount o f heat evolved
The parameters varied include the amount o f oil in the test cell, water, crushed 
reservoir rock, pressure, initial temperature, and API gravity using the different oils.
4. Evaluate the Potential of Air injection Process on North Sea Light Oils
Some o f experiments were also conducted on oil-water-rock combinations for all light- 
oils reservoirs studied to screen and evaluate the potential o f the air injection process. 
The technique was based on determining a priori whether the test oils would auto-ignite 
under reservoir conditions. In experiments where the oil saturation is 30%, these results 
were determined by flowing 120 cc/min o f air at standard conditions through the sample 
cell. This flow rate is deemed high enough to ensure that the sample is always in a fresh 
air, i.e., constant oxygen partial pressure.
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An important point to be made here is that, due to the limitation of equipment 
availability such as high-pressure gaskets, this evaluation was carried out at medium 
pressures while most of these reservoirs have a high pressure and the exothermicity 
behavior may enhance at the real reservoir conditions.
Different experimental configuration for various oils are presented in Tables 4-2,3,4,5 
and 6 below.















D20 10/08/00 70 0 OilDRl 0.72 0.00 3.22
D21 17/09/00 70 0 OilDR2 0.14 0.00 3.22
D22 11/10/00 70 0 OilDRW ~l 0.14 0.57 3.22
D23 17/11/00 70 0 OilDRWl 0.14 0.57 3.22
Table 4-3: Experiments with Oil D at Different Reaction Conditions, Flowing Tests














D20 10/08/00 70 0 OilDRl 0.72 0.00 3.22
D21 17/09/00 70 0 OilDR2 0.14 0.00 3.22
D22 11/10/00 70 0 OilDRW ~l 0.14 0.57 3.22
D23 17/11/00 70 0 OilDRWl 0.14 0.57 3.22
D24 10/03/01 70 16 D25W75R 0.18 0.53 3.22
D25 11/03/01 70 48 D20W80R2 0.14 0.57 3.22
D26 14/03/01 70 48 D100R 0.72 0.00 3.22
D27 16/03/01 70 48 D20R 0.14 0.00 3.22
D28 17/03/01 70 16 D10R1 0.07 0.00 3.22
D29 18/03/01 70 48 D100RA1 0.3 0.00 4.25
D30 26/03/01 70 48 DIOR 0.07 0.00 3.22
D31 27/03/01 70 16 D100R1 0.72 0.00 3.22
D32 28/03/01 70 16 D25R75R1 0.13 0.39 3.70
D33 02/04/01 50 48 D20W80R6 0.14 0.57 3.22
D34 03/04/01 50 48 D100R3 0.72 0.00 3.22
D35 14/03/01 70 48 D25W75R2 0.1 0.30 4.00
D36 27/03/01 70 16 D25W75R3 0.08 0.20 4.26
D37 01/04/01 50 48 D100R8 0.72 0.00 3.22
D38 03/04/0 50 48 D100R12 0.72 0.00 3.22
D39 15/04/01 50 48 D100R13 0.72 0.00 3.22
D40 17/04/01 50 48 D100R14 0.72 0.00 3.22
D41 22/04/01 50 48 D100R15 0.72 0.00 4.50
















D43 01/05/01 50 48 D100A 0.72 0.00 0.00
D44 09/05/01 50 48 D100 0.72 0.00 0.00
D45 15/05/01 50 48 D100R50 0.72 0.00 3.22
D46 23/05/01 50 48 DIOOs 0.71 0.00 3.22
D47 24/05/01 50 48 DIOOc 0.71 0.00 5.93
D48 09/07/01 50 48 D3W7R 0.36 0.00 5.93
D49 10/12/07 50 48 D10W70R 0.08 0.59 5.62
D50 12/07/01 50 48 D30W70Ra 0.25 0.59 5.62
D51 13/07/01 50 48 D30W70Rb 0.25 0.59 5.62
D52 14/07/01 50 48 D50W20R5 0.36 0.14 5.93
D53 15/07/01 50 48 D3W7R1 0.14 0.14 5.93
D54 16/07/01 50 48 D05W70R 0.04 0.59 5.62
D55 18/07/01 50 48 D20W20R2 0.14 0.14 5.93
D56 09/08/01 50 48 D H T O 0.71 0.00 5.93
D57 15/08/01 50 48 D HTOl 0.36 0.14 5.93
D58 29/20/01 70 32 D5W5R 0.36 0.36 5.93
D59 30/10/01 70 120 D30W70Rc 0.25 0.59 5.62
D60 20/01/02 20 120 D30W70R 0.22 0.50 5.93
D61 22/01/02 70 120 D30W70R1 0.22 0.50 5.93
D62 27/01/02 70 120 D30W70R2 0.14 0.33 6.55
D63 02/02/02 70 16 D30W70R3 0.25 0.59 5.62
D64 10/02/02 70 48 D30W70Rd 0.25 0.59 5.62















A10 19/05/01 70 48 A20W80R 0.14 0.57 5.93
A l l 20/05/01 70 48 A50W 20Rla 0.36 0.14 5.93
A12 30/05/01 50 32 A50W20R 0.36 0.14 5.93
A13 30/06/01 50 48 A50W20RA 0.36 0.14 5.93
A14 02/07/01 50 48 A50W20R1 0.36 0.14 5.93
A15 04/07/01 50 48 A50W20R2 0.36 0.14 5.93
A16 12/07/01 50 48 A50W20R3 0.36 0.14 5.93
A17 07/08/01 50 32 A50W20R4 0.36 0.14 5.93
A18 08/08/01 50 48 A50W20R5 0.36 0.14 5.93
A19 18/10/01 20 240 A30W70R 0.22 0.21 5.93
A20 19/10/01 20 120 A50W50R7 0.36 0.36 5.93
A21 23/10/01 20 120 A50W50R8 0.36 0.36 5.93
A22 23/10/01 20 120 A50W50R9 0.36 0.36 5.93
A23 25/10/01 70 120 A50W50R10 0.36 0.36 5.93
A24 29/10/01 70 120 A50W 50R11 0.36 0.36 5.93
A25 27/12/01 70 120 A30W70R1 0.22 0.50 5.93
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Table 4-5: Experiments with different Oils B, C, A u and M at Different Reaction
Conditions, Flowing Tests














B18 17/06/01 70 48 B20W80R 0.14 0.57 5.93
B19 21/06/01 70 48 B50W50R 0.36 0.36 5.93
B20 23/09/01 70 48 B70W30R 0.50 0.22 5.93
B21 25/09/01 70 48 B40R 0.36 0.00 5.93
B22 29/09/01 50 48 B50W20R 0.36 0.14 5.93
C5 22/05/01 70 48 C20W80R 0.14 0.57 5.93
C6 23/05/01 70 48 C30W70R 0.22 0.36 5.93
C7 14/06/01 50 48 C20W80R1 0.36 0.36 5.93
C8 15/07/01 50 48 C50W50R 0.36 0.36 5.93
C9 19/07/01 50 48 C50W50R2 0.36 0.36 5.93
CIO 20/07/01 50 48 C50W20Ch 0.36 0.14 5.93
C ll 04/01/02 70 120 C30W70R1 0.22 0.36 5.93
Au2 13/07/01 50 48 Au50W20R 0.36 0.14 5.93
Au3 07/08/01 50 48 Au50W 20Rl 0.36 0.14 5.93
Au4 12/01/02 70 120 Au70W30R 0.5 0.22 5.93
M3 17/09/01 50 48 M20W80R 0.12 0.39 5.93
M4 20/09/01 50 48 M100R 0.71 0.00 3.22
M5 27/09/01 50 48 M100 0.71 0.00 0.00
M6 13/07/01 50 48 M20W20R 0.12 0.14 5.93
M7 09/01/02 20 120 M30W70R 0.22 0.50 5.93















El 30/10/01 70 120 E50W50R 0.36 0.36 5.93
E2 31/10/01 70 120 E70W30R 0.5 0.21 5.93
E3 02/11/01 70 32 E15W70R 0.1 0.5 5.93
E4 06/11/01 70 32 E50W50R5 0.36 0.36 5.93
E5 07/11/01 70 120 E30W0R5 0.21 0 5.93
E6 07/11/01 70 120 E30W70R6 0.21 0.5 5.93
E7 09/11/01 20 120 E30W70R8 0.21 0.5 5.93
E8 01/12/01 20 120 E50W50R6 0.36 0.36 5.93
E9 09/12/01 20 240 E50W50R7 0.36 0.36 5.93
E10 20/12/01 100 120 E30W70R9 0.21 0.5 5.93
Heat Loss Compensation Tests
As has been discussed earlier in this chapter, the amount o f heat lost to the environment 
by the equipment is accounted for by adding heat compensation to each of the 
experiments. This heat compensation was measured and changed at periodic intervals to
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take into account of instrument drift, changes to the apparatus itself and other source of 
errors. However, to ensure the correct comparison between the experiments, the 
comparisons between the experiments were done only on tests that they used similar 
HLC device when it is possible.
Table 4-6: HLC Devices at Different Reaction Conditions,
Batch & Flowing Tests
Experiments Date Initial
Pressure




CL1 14/08/00 50 THLCAL1 Empty Spherical bomb
CL2 19/08/00 50 DROCKCA Spherical bomb 
(Oil+Water+Rock)
CL3 20/08/00 50 THLCAL Spherical bomb
CL4 10/09/00 0 CALI Spherical bomb
CL5 17/10/00 70 C A L B A T Empty cylindrical 
Sample Cell










FLla 28/02/01 70 16 THLCAL I
FLlb 01/03/01 70 32 DROCKCA
FLlc 05/04/01 70 48 THLCAL
FL2a 11/04/01 50 16 CALI
FL2b 17/10/00 50 32 CAL BAT
FL2c 15/11/00 50 48 H E L H A N
FL2d 11/04/01 50 48 F5048a
FL2e 17/10/00 50 48 F5048b
FL2f 15/11/00 50 48 F5048C
FL2g 11/04/01 50 48 F5048d
FL2h 17/10/00 50 48 F5048e
FL3a 08/03/01 100 16 F10016
FL3b 07/04/01 100 32 F I0032
FL3c 08/04/01 100 32 FI0032a
FL3d 17/10/00 100 48 F I0048
F14a 03/06/01 200 48 F20048
FL5a 16/10/01 20 200 F200
FL5b 19/10/01 20 100 F100
FL5c 21/10/01 20 120 F12mv
FL5d 22/10/01 20 48 F8ma
FL5e 23/10/01 70 120 F12ma70
FL5f 26/10/01 70 48 F870
FL6a 24/12/01 20 200 F200C
FL6b 25/12/01 20 120 F120C
FL6c 27/12/01 20 60 F60C
FL7a 15/04/02 200 120 F200B
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4.6 TEST Deliverable
The PHI-TEC test aim to obtain some important parameters inquired for application o f
air injection to light oil reservoirs. The main data and results from interpretation o f PHI-
TEC II data to be gained are:
(1) to evaluate the oil reactivity by measuring the minimum temperature at which the 
self-heat rate is observed, (On-set o f  reaction)
(2) to assess the oil’s ability to self-sustain the heat generation process under adiabatic 
conditions in the presence o f oxygen at reservoir conditions, particularly at reservoir 
temperature where the possibility o f a self-ignition o f the oil needs to be estimated, 
(Auto-ignition temperature).
(3) the ability o f the oil to transition from a low ignition temperature (close to reservoir 
temperature) to a high temperature under adiabatic conditions, (continuity o f  self­
heat rate profile).
(4) to characterize the global oil oxidation (LTO and HTO) reactions from the self-heat 
rate profile and flue gas produced as a function in temperature, (boundary between 
LTO & HTO).
(5) to measure the rate o f heat produced by oxidation reactions to evaluate the oxidative 
kinetics. The Arrhenius kinetics parameters derived for simulation model purposes, 
AH. E. Ar and n. respectively, reaction enthalpy, activation energy, Arrhenius pre­
exponential form and exponent on oil (fuel) concentration.
(6) to study the effect o f reservoir condition on air injection efficiency, (physical and 
chemical parameters effect).
(7) oxygen consumption rate and produced gas composition as a function o f  








The importance of calibration is to eliminate; false exotherms, poor on-set temperature, 
loss of small exotherms. The quantitative interpretation of data is much better quality. 
Several calibration data files have been created to account for the heat losses from the 
apparatus at different experimental conditions and tested at regular basis to check that 
they are still in the right order. The experimental conditions that were found have a 
significant effect on adiabatic conditions are different test cells, airflow rates and 
operating pressures. These parameters have been investigated in the PHI-TECII. The 
results can be categorized, and some examples are given. The experimental procedures 
and data to be entered are discussed in chapter 4.
1. Test Cell
Test cells come in different shapes and sizes so the heat loss from those cells is varied. 
To illustrate this, two types of test cell i.e. spherical and cylindrical were used to 
investigate the effect o f test cells on heat loss compensation (HLC) device. The 
initialisation parameters for Tests CL2 and CL5 are summarised in Table 5.1.
Table 5.1 Summary o f Initialization Parameters 
For CL2 & CL5 Calibration Tests
Parameter CL2 CL5
Sample Mass (gm) 0 0
Sample Cell Mass (gm) 17 26
Sample Cell Type Spherical Cylindrical
Volume (cc) 6 10
Sample Cell Material Hastelloy Stainless steel
Initial Pressure (bar) 50 50
Air Flow Rate (cc/min) 0 0
Start Temperature (°C) 50 50
End Temperature rC ) 480 480
Slope Sensitivity (°C/min) 0.005 0.005
Heat Step Temperature (°C) 5 5
Figure 5.1 shows an experimental temperature and pressure data as a function of time 
for a classic calibration of closed test. A typical calibration period of about 50 hours 
(usually between 30 and 60 hours) to a temperature of 480 °C is observed. Figure 5.1 
displays good convergence, with the error swiftly diminishing to zero stability.
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Figure 5.1: Experimental Temperature and Pressure 
Data As A Function Of Time For Test CL2
Figure 5.2 shows the average guard heaters offset as a function of sample cell 
temperature. The plot clearly presents that the guard heaters off set required for same 
stability threshold were increased by about 3 times at low temperature ranges and about
6
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Figure 5.2: The Average Guard Heaters Offset Values As A Function 
Of Sample Cell Temperature At Different Sample Cells
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1.5 times in high temperatures range in case of cylindrical sample cells compared to the 
spherical cells. This example confirms that the sample cell shape and size has a 
considerable effect on maintaining adiabatic environment.
2. Air Flow Rate
The airflow rates were varied during this study. Therefore, for each different flow rate, 
the HLC device was gathered. To illustrate the effect of airflow rate on calibration 
accuracy, an example is given below which the airflow rate was different and the other 
parameters were kept unchanged. The initialisation parameters for tests FL2a, FL2b and 
FL2c are summarised in Table 5.2.
Table 5.2 Summary of Initialization Parameters For FL2a, FL2b & FL2C
Calibration Tests
Parameter FL2a FL2b FL2c
Sample Mass (gm) 0 0 0
Sample Cell Mass (gm) 26 26 26
Sample Cell Type 4A 4A 4A
Volume (cc) 10 10 10
Sample Cell Material Stainless steel Stainless steel Stainless steel
Initial Pressure (bar) 50 50 50
Air Flow Rate (cc/min) 16 32 48
Start Temperature t°C) 50 50 50
End Temperature CC) 480 480 480
Slope Sensitivity ( C/min) 0.005 0.005 0.005
Heat Step Temperature (°C) 20 20 20
Figure 5.3 shows an experimental temperature and pressure data as a function of time 
for a typical calibration of flowing test at constant pressure.
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Figure 5.3: Experimental Temperature and Pressure Data 
As A Function Of Time For Test FL2c
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A typical calibration period of about 16 hours (usually between 15 and 25 hours) to a 
temperature of 480 °C is observed. Note that this time is almost half time required for 
closed test. Figure 5.3 displays good convergence, with the relatively short periods of 
time to reach stability.
Figure 5.4 shows the average guard heaters offset as a function of sample cell 
temperature. From these experiments, the guard heaters off set were almost constant for 
the three different flow rates.
* Flow rate 16 ml/rain — a —  Flow Rate 32 ml/m in 
 Ratio of FL2c/FL2a - - - Ratio of FL2c/ FL2b
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Figure 5.4: The Average Guard Heaters Offset Values As 
A Function Of Sample Cell Temperature At Different Air Flow Rates
It could be argued that the flowing system cannot be considered as strictly adiabatic, 
due to the mass transfer related heat exchange with the environment. Although the 
average temperature of the surrounding inlet air is always close to that of the sample 
maintained by the guard heaters, also the usually low specific heat capacities o f gases 
reduce the problem further. The significance of these heat transfer effects can be 
considered negligible. These examples proved that there was a very slight heat loss with 
increasing airflow rate from 16ml/min to 48 ml/min about 3 times.
3. Pressure
From the experience gained during closed tests, the pressure was shown to be an 
important parameter for calibration. Therefore, the calibration for each different
pressure the HLC device was created. The following example is given to illustrate this,
92
the initialisation parameters for tests FL2a, FL2b and FL2c are summarised in Table 
5.3.
Table 5.3 Summary of Initialization Parameters For FL2c & FL3a
Calibration Tests
Parameter FL2c FL3a
Sample Mass (g) 0 0
Sample Cell Mass (g) 26 26
Sample Cell Type 4A 4A
Volume (cc) 10 10
Sample Cell Material Stainless steel Stainless steel
Initial Pressure (bar) 50 100
Air Flow Rate (CC/min) 48 48
Start Temperature (°C) 50 50
End Temperature rC ) 480 480
Slope Sensitivity CC/min) 0.005 0.005
Heat Step Temperature (°C) 20 25
Figure 5.5 shows the average guard heaters off set as a function of sample cell 
temperature for different pressures. The plot demonstrated that increasing the pressure 
from 50 bar to 100 bar, the heat losses was increased particularly at high temperature 
levels.
Flow Rate 48 ml/min —• —  Flow rate 48 ml/min Ratio o f  FL3a/ FL2c
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Figure 5.5: The Average Guard Heaters Offset Values As A Function Of Sample Cell
Temperature At Different Pressures
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While it is readily knowledged that the difficulty of compensating the heat loss from the 
sample cell to its surroundings, it is the experience of the author that a “good” 
calibration will exhibit a straight or slightly curved line with no sudden jumps or 
discontinuities and also each search step will take short time to reach stability. 
However, problems with calibrations do arise at times, some of calibration failures will 
be discussed below.
5.1.1 Problematic of Calibration
A variety of causes produce poor calibration behaviour. For example, calibration of 
sample cell contains oil can produce unintentional exothermic reactions, effectively 
changing the calibration off set with time during the test. Failure due to processor 
algorithm can also cause poor convergence. Thermocouple shorting, guard heater 
failure and/or the pressure leaks in the pressure vessel or sample cell can ruin a 
calibration test. In order of these causes of failures to be known for future work with 
this experimental rig, some examples are provided below.
1. Pressure Leak
The pressure leak occurs either in the pressure vessel when using pressure equalisation 
system or/and test cell itself. The first example is shown the typical data when there is a 
slight leak in the pressure vessel or any connections in pressure equalisation system 
(Chapter 3). The initialisation parameters for Tests FL4a and FL7a are summarised in 
Table 5.4.
Table 5.4 Summary of Initialization Parameters for Tests FL4a, FL7a and CL6a
Calibration Tests
Parameter FL4a FL7a C16a
Sample Mass (gm) 0 0 0
Sample Cell Mass (gm) 26 26
Sample Cell Type Cylindrical Cylindrical Cylindrical
Volume (cc) 10 10 10
Sample Cell Material Stainless steel Stainless steel Stainless steel
Initial Pressure (bar) 200 200 70
Air Flow Rate (cc/min) 120 120 Closed
Start Temperature f°C) 50 50 50
End Temperature rC ) 5 20 5
Slope Sensitivity rC/m in) 0.005 0.005 0.005
Heat Step Temperature (°C) 5 20 5
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Figure 5.6 shows the average guard heaters off set as a function of sample cell 
temperature for Tests FL4a and FL7a. Test FL7a exhibits a very good convergence with 
slight curved trend while the test FL4a shows unusual behaviour and a noticeable 
excessive heat loss from the apparatus. In fact the FL4a experiment had to be halted due 
to taking a long time i.e. 2 hours searching at 130 °C heating step without reaching to 
stability. This test explains also why we could not achieve heat stability when the 
automatic pressure equalisation system in use. The reflux of nitrogen causes an 
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Figure 5.6: The Average Guard Heaters Offset Values As A Function Of Sample Cell 
Temperature For Tests FL4a and FL7a
The example below shows a typical example for pressure leaks in the sample cell or 
injection and flow gas analysis units (s e e  c h a p te r  3 ) . The initialisation parameters for 
test CL6a are listed in Table 5.4 above. Figure 5.7 shows experimental temperature and 
pressure data as a function of time for Test CL6a.The initial pressure was 50 bar as the 
temperature raised the pressure also progressed to 77 bar at 250 °C when the leak has 
occurred. This can be identified precisely in the figure below. The effect of pressure 
leak on off set guard heaters also shown in Figure 5.8. This test obviously could not be 
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Figure 5.7: Experimental Temperature and Figure 5.8: The Average Guard Heaters 
Pressure Data As A Function Of Time Off Set Values As A Function Of Sample
For Test CL6a Cell Temperature For Test CL6a
2. Heaters or Thermocouple Failure
In case of sample cell heater failure, this is not a problem because the test will not 
progress further. However, failure of guard heaters to track the sample cell produces a 
misleading calibration data. Plotting the guard heaters off set for each one separately 
can identify this as shown in Figure 5.9. In this example the side heater was clearly 
failed to track the sample cell temperature. This normally occurs when the power has 
stopped from the power supply unit or fuse blown or short circuit. The initialisation 
parameters for Tests FL6c (heater failure) and CL6b (thermocouple deficiency) are 
summarised in Table 5.5.
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Table 5.5 Summary of Initialization Parameters For FL6a & CL6b Calibration Tests
Parameter FL6c CL6b
Sample Mass (g) 0 0
Sample Cell Mass (g) 26 17
Sample Cell Type Cylindrical Spherical
Volume (cc) 10 6
Sample Cell Material Stainless steel Hastelloy
Initial Pressure (bar) 20 50
Air Flow Rate (cc/min) 60 0
Start Temperature (°C) 50 50
End Temperature (°C) 480 480
Slope Sensitivity (°C/min) 0.005 0.005
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Figure 5.9: Guard Heaters Offset Temperatures For Test FL6c
The sample cell thermocouple failure gives a trend as shown in Figure 5.10 below. 
Shown in Figure 5.11 the effect of the guard sample cell thermocouple on average 
guard heaters offset. This failure is very common with spherical bombs because the 
thermocouple is attached to the outside wall of the bomb where a clip serves as the 
thermocouple anchor. This also may occur when the reusable cylindrical test cell is 
being used and mainly occurred at high temperatures. This problem has minimised by 
using new clean cylindrical sample cells with thermocouple and the thermocouple is 
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Figure 5.10: Experimental Temperature and 
Pressure Data As A Function Of Time 
For Test CL6b
Figure 5.11: The Average Guard Heaters 
Offset Values As A Function Of Sample 
Cell Temperature For Test CL6b
3. Calibration of Test Cell Contains Oil/water/rock
The initialisation parameters for tests FL2c and FLd are summarised in Table 5.6. 
Table 5.6 Summary of Initialization Parameters For CL2 & CL5 Calibration Tests
Parameter FL2c FL2d
Sample Mass (g) Oil C (gm) 0 0.12
Water (gm) 0 0.14
Rock (gm) 0 5.93
Sample Cell Mass (gm) 26 26
Sample Cell Type 4A 4A
Volume (cc) 10 10
Sample Cell Material Stainless steel Stainless steel
Initial Pressure (bar) 50 50
Air Flow Rate (cc/min) 48 0
Nitrogen Flow Rate (cc/min) 0 48
Start Temperature (°C) 50 50
End Temperature rC ) 480 480
Slope Sensitivity ( C/min) 0.005 0.005
Heat Step Temperature (^C) 20 20
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As can be seen from the table above, the Test FL2c was carried out with an empty 
sample cell while the reactants were added in the Test FL2d. Figures (5.12 & 5.13) 
below show the average guard heaters off set as a function of sample cell temperature 
for Tests FL2 c and FL2 d respectively. It was observed that the poor calibration had 
occurred in the existence of reactants. Although the nitrogen was used instead of air to 
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Figure 5.12: The Average Guard Heaters Figure 5.13: The Average Guard Heaters 
Offset Values As A Function Of Sample Offset Values As A Function Of Sample 
Cell Temperature For Test FL2c Cell Temperature For Test FL2d
Based on these results, it is suggested that the calibration test should be done with clean, 
new sample cell to eliminate most problems above. It is also expected that the HLC 
device to be followed by drift check test to ensure the accuracy of data.
5.7.2 Drift Check Test Analysis
Running a HWS test on an empty sample cell, i.e. drift check, can test the validity of
calibration. Inspecting the established offset values indicates the quality o f calibration.
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The initialisation parameters for the typical drift check test are summarised in Table 5.7 
below.
Table 5.7 Summary of Initialization Parameters For Typical Drift Test
Parameter Value Parameter Value
Sample Cell Mass (g) 26 Start Temperature 60
Sample Cell Type 4A End Temperature (°C) 190
Pressure 200 Slope Sensitivity (°C/min) 0.06
Flow Rate (cc/min) 120 Heat step Temperature (°C) 25
HLC Device FL7a Wait Time ('mini 10
Note that the sensitivity was chosen to be higher than the usual threshold, this to avoid 
any tracking to false exotherms as it is time consuming. Also the selected ranges 
normally for testing are the low temperature i.e. 60-200 °C where the possibility of heat 
loss will cause delay to detection of onset temperature and high temperature range i.e. 
350-450 °C where the possibility of heat addition to the system.
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Figure 5.14: Sample Cell Temperature and Temperature Gradient 
Versus Time For Typical Drift Test
Typical result from tests at different temperatures is shown in Figure 5.14 above. This 
figure is simply temperature and temperature rate against time. The temperature is that 
of the sample cell as measured in the usual way and time is real time, zero being at the 
start of heating. Figure 5.15 below shows the result on a much-enlarged scale. Here it 
was possible to see.
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• The downward drifting
• The reset of temperature
• Also it can be seen that when the temperature drifts upwards
From Figure 5.15 it is possible to calculate the drift data at any temperature. The 
temperature rate for each temperature step is summarised in Table 5.8 below. For 
example between 2050.64 and 2649.00 seconds the step temperature 88.76 °C an 
average temperature rate was - 0.001 °C/min.
Table 5.8 Summary o f Average Temperature 
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Figure 5.15: Enlarged Test Cell Temperature 
And Temperature Gradient Versus Time For Test FL2c
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5.1.3 Repeatability of Calibration
The repeatability of calibration data was also investigated. Some heat loss compensation 
tests were repeated 2-3 times under the same conditions. The standard deviation was 
calculated. The example is given below. The initialisation parameters for Tests FL3b 
and FL3d are summarised in Table 5.9.
Table 5.9 Summary o f Initialization Parameters 
For FL3b & FL3d Calibration Tests
Parameter FL3b FL3d
Sample Mass (gm) 0 0
Sample Cell Mass (gm) 26 26
Sample Cell Type Cylindrical Cylindrical
Volume (cc) 10 10
Sample Cell Material Stainless steel Stainless steel
Initial Pressure (bar) 100 100
Air Flow Rate (cc/min) 32 32
Start Temperature t°C) 50 50
End Temperature rC ) 480 480
Slope Sensitivity ( C/min) 0.005 0.005
Heat Step Temperature (°C) 20 20
Figure 5.16 presents the average guard heaters off set and the standard deviation versus 
temperature as a function of sample cell temperature. The plot reveals an excellent 
agreement between the two experiments.
X Test FL3d: Flow Rate 32 ml/min @ 100 bar — Test FL3b: Flow Rate 32 ml/min @ 100 bar 
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Figure 5.16: The Average Guard Heaters Offset Values As A Function 
Of Sample Cell Temperature For Tests FL3b and FL3d
102
Though the PHI-TECII good for detection o f exothermic reactions at high sensitivity, 
this method is problematic in that the temperature o f control is not strict and drift will 
occur. The extent or rate o f drift will depend on the quality o f calibration (HLC device) 
o f the instrument. Therefore the calibration o f the instrument is vital step to ensure the 
accuracy o f results and should be carried out regularly. It is advised that the heat loss 
compensation test run with the following features.
•  A very narrow temperature step (not more than 20 °C) is to be used.
• The calibration should be carried out for any different experimental conditions 
i.e. airflow rate, pressure etc.
•  During the test to minimise drift, the rate o f drift is determined and the 
calibration offset modified.
The result is that the PHI-TECII will allow excellent temperature stability within an 
accurately defined temperature over any time period. Such performance allows, the 
experimental work to be reliable, accurate and repeatable.
5.2 RAW DATA PLOTS
The exothermic data is a table o f time, temperature and pressure columns. Also, in case 
o f flowing PHI-TECII the gas composition data i.e. O2 , CO and CO2 are provided. From 
this data it is possible to get simple plots o f raw data but also data plots based upon 
calculation and interpretation. The raw data plots are:
• Real time data plot
• Exothermic temperature and pressure against time
• Pressure rate and self-heating rate against temperature or time.
• Pressure against temperature
•  Logarithmic scale o f self-heating rate against temperature
• Gas composition profile
Calculated and interpreted plots (and tables o f data) are available for
•  O2 consumption and combustion parameters
•  Kinetic modeling
• Reaction kinetic parameters evaluation
• Time to maximum rate against temperature
• Thermodynamic heat o f reaction determination
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For the purpose of illustration, examples are given for each section to demonstrate the 
analytical procedure followed for each test and the data can be gained from each run. 
The data then is analyzed to fit an Arrhenius type reaction model using the analytical 
relationship and the kinetic parameters can be obtained.
In the E6 test, the mixture of 0.21 ml oil E, 0.50 ml of water with 5.92 gm crushed 
reservoir rock E (Chalk) at initial pressure of 70 bar was introduced to the test cell. Air 
was injected continuously at a rate 120 cc/min (at standard temperature and pressure) 
during the experiment while the instrument searched on exothermicity. The test 
initialization parameters are summarized in Table 5.10 below.
Table 5.10: Initialization Parameters For The Test E6
Parameter Value Parameter Value
Sample Cell Mass (gm) 26 Air flux (m3/m2.hr) 15
Sample Cell Type 4A Start Temperature (°C) 100
Oil (gm) 0.19 End Temperature ( C) 480
Oil Type E Slope Sensitivity (°C/min) 0.02
Water (gm) 0.50 Heat step Temperature (°C) 5
Rock (gm) 5.93 Wait Time (min) 10
Oil/Rock Ratio % (gm/gm) 3.12 Search Time (min) 10
Oil/Water Ratio (gm/gm) 0.37 End Searching Temp. (°C) 450
Pressure (bar) 70 Phi factor 2.8
Air Flow Rate (cc/min) 120 HLC Device FL5e
5.2.1 Real Time Data Plot
Figure 5.17 shows the temperature against time for the complete test. In addition to 
showing the course of experiment with time, the exothermic reaction temperature and 
magnitude of the reactions the data both before and after the exothermic reaction can be 
seen. At low temperature, reactions below the exothermic threshold may be noted and at 
higher temperatures the calibration accuracy of the instrument can be confirmed. By 
noting the pressure below the exothem (and above) any indication o f leak can be 
detected -  or it may be that there is pressure generated from a non-exothermic process. 
In Figure 5.17 the heat steps after the exotherm are shown, it is clear that the reaction 
has finished the PHI-TECII indicated correctly no exothermicity or endothermicity. 
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Figure 5.17: Real Time Plot For Test E6
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Figure 5.18: Enlarged Time Plot For Test E6
Figure 5.18 above enlarge the data to show ‘reaction’ prior to exotherm being recorded 
and quality of the data. The exotherm was recorded at the 114°C heat step, the first data 
point having the temperature 115.7°C. Prior to this there was indication of unavoidable
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heat loss before the exotherm commenced, by a temperature drop in the seek period 
below the baseline. This possibly was a result of cooling due to the forced airflow. 
Figure 5.18 shows also the data after exotherm, indicating stability o f the instrument. 
The seek values immediately after the conclusion of the exotherm were a very clear 
indication that there is no heat loss or gained in the experiment at high temperatures.
5.2.2 Temperature & Pressure vs. Time
Figure 5.19 and later figures show just the exotherm data. Figure 5.19 shows 
temperature rise and pressure as a function of time. The temperature and pressure data 
are plotted against time to show the onset of reaction, the magnitude of the reaction and 
as a comparison, it can be seen how much heat is produced over which reaction or 
temperature range. From Figure 5.19 it can be noted that much o f the time of the 
reaction is in the first few degrees of temperature rise. The initial period of LTO region 
in this test has taken 5.4 hours to increase the temperature from 115 °C to 177 °C after 
which, tests exhibited an abrupt rise in the temperature, which is the auto-ignition 
phenomenon. The auto-ignition was occurred in test E6 at 177 °C, at this state, the test 
exhibited a rapid increase in the temperature and reached 267 °C in 10 minutes. Then, 
this was followed by combustion region and reached 422 °C in 18 minutes. Notice the 
Pressure stability profile, this is discussed in the next section.
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Figure 5.19: Adiabatic Temperature and Pressure Profile For Test E6
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5.2.3 Pressure Rate and Self-Heating Rate vs. Temperature Plot
In order to check the pressure stability during the test, the pressure and pressure rate 
may be plotted against temperature. The pressure rate data should produce a straight 
horizontal line and the pressure rate close to zero. On the other hand, if the data shows 
that a pressure rate rise, this is likely to be due to huge vapor pressure or plugging in the 
exit flow line. However, By studying the pressure and self-heating rates together, it can 
be gained valuable insights into this important relationship. Knowing whether the rate 
of pressure generation is the same as the rate of self-heating is critical. This plot enables 
to discard the possibility of other causes if the two parameters are in agreement. Indeed, 
Figure 5.20 shows an immediate rise in SHR data during autoignition period, this was 
followed closely by pressure fluctuation. The dP/dt was ranged in this region from 132 
bar/min to -  148 bar/min. This curve also shows the ability of the instrument to record 
pressure when at high pressures. The pressure stability was noticed before and after the 
auto-ignition region.
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5.2.4 Produced Gas composition
The produced gases from the flowing PHI-TECII are measured continuously for its 
carbon monoxide, carbon dioxide and oxygen contents. This can provide a very 
important insight into the behavior and performance o f the oxidation and combustion 
reactions. Figure 5.21 presents the gas composition and temperature versus time for 
exotherm reaction. The plot shows uncommon behavior that only one apparent peak in 
the production of carbon oxides at 385 °C while in the lower pressure tests i.e. 20 bar 
exhibit at least two peaks, this will be discussed later.
At the temperature lower than 180 °C, the total oxygen conversion was small and no 
carbon oxides were detected. The plot below shows that oxygen uptake becomes 
significant at a temperature of 190 °C, and this is marked by an increase in the rate of 
temperature rise, which reflects high-energy generation rates. Carbon dioxide was 
detected prior to carbon monoxide in the test. The maximum carbon dioxide and carbon 
monoxide concentrations were 7.84 and 2.2 mole percent, respectively. The minimum 
produced oxygen concentration was 7.2 mole percent.
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Figure 5.21 Gas Composition Profile For Test E6
The declining of CO2 trend and sharp rise in the oxygen level at 400 °C, shows that the 















sharp decline in the SHR level at this time. The oxygen consumption recorded during 
the reaction was consistent with the amount of heat produced.
5.3 EXOTHERMIC SELF-HEAT RATE PROFILE
As has mentioned earlier, the self-heat rate is a key feature of the results. The self-heat 
rate as a function of temperature for oil E is shown in Figure 5.22. The self-heat rate 
(SHR) is plotted on a log scale while the temperature along x-axis is normally expressed 
as the inverse of the absolute temperature. However, to aid readability, the equivalent 
temperatures are indicated in °C. Reactions were followed adiabatically- that is; no heat 
was allowed to cross the system boundaries once the sustained energy generation 
begun. Therefore, in Figure 5.22, the presence of a SHR trace over a temperature 
interval indicates a region of exothermic reaction, whereas non-reaction is reflected by 
the absence of any experimentally recorded points. This shows the onset of reaction, the 
magnitude, complexity and number of reactions. Mathematical analysis of the self-heat 
rate plot can determine heat of reaction, activation energy and other kinetic parameters. 
With the model result this may be used to back-extrapolate the data to get results below 
the onset of reaction, including time to maximum rate data from the modeled reaction at 
low temperatures.
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Figure 5.22: Self-heat Rate Profile For Test E6
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As can be seen from Figure 5.22, the exotherm (spontaneous reaction) was detected at 
115 °C. The low temperature oxidation (LTO) reaction exotherm starts at 115 °C and 
continues until it reaches a temperature of 188 °C, when the reaction then undergoes 
autocatalytic reaction (auto-ignition temperature). The exotherm continues up to 267 
°C, which corresponds to the maximum self-heat rate. Then it slightly drops to lower 
level, but then continues at this rate up to 420 °C, where the fuel is depleted and the 
SHR drop to less than the threshold 0.01 °C/min.
5.3.1 EXOTHERMIC PROFILE SHAPES
As mentioned above, it is possible to see the complexity of reactions from the plot of 
the self-heat rate versus temperature. A single Arrhenius reaction gives a self-heat plot 
similar to that shown in Figure 5.23.
More complex reaction mechanisms give different shapes to what is shown in Figure 
5.23 below. These may be reactions in series A —► B —► C or parallel reactions of the 
type A —* B, A —> C. These types of multiple reactions have to be studied further to 
decide which type they are. Two reactions in series give a self-heat plot similar to that 
in Figure 5.24. In the case of an autocatalytic initiation, there is a very steep initial rise 
in the rate and the plot is similar to that shown in Figure 5.25. Care should be taken with 
this because it could also be caused by other reasons apart from autocatalysis. Two 








Figure 5.23: Self-Heat Rate 
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Figure 5.24: Self-Heat Rate vs. 
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In most crude oil studied, it was observed from the profiles of self-heat rate that there is 
at least two dominate reactions taking place. The self-heat rate plot of the reactions 
occurring could be fitted to either two reactions in series or in parallel. By carrying out 
a further PHI-TEC II run starting from the end of the first exothem the two reactions 
may separated and can be analyzed singly. To illustrate this, two sets o f experiments 
were carried out. The initialization parameters for these tests are summarized in Table 
5.11
Table 5.11: Initialization Parameters For The Tests D50, D51, A11 and A14
Parameter D50 D51 A l l A14
Sample Cell Mass (gm) 26 26 26 26
Sample Cell Type 4A 4A 4A 4A
Oil (gm) 0.21 0.21 0.30 0.30
Oil Type D D A A
Water (gm) 0.59 0.59 0.14 0.14
Rock (gm) 5.62 5.62 5.93 5.93
Oil/Rock Ratio % (gm/gm) 3.72 3.72 5.1 5.1
Oil/Water Ratio (gm/gm) 0.36 0.36 2.16 2.16
Pressure (bar) 50 50 50 50
Air Flow Rate (cc/min) 48 48 48 48
Air flux (m3/m2.hr) 6 6 6 6
Start Temperature (°C) 90 250 90 250
End Temperature f  C) 480 480 480 480
Slope Sensitivity (°C/min) 0.02 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5 5
Wait Time (min) 10 10 10 10
Search Time (min) 10 10 10 10
End Searching Temp. (°C) 450 450 450 450
Phi factor 2.8 2.8 3.2 3.2
HLC Device FL2c FL2c FL2c FL2c
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Tests D50 and A11 were run as a HWS test, the air was injected from the beginning of 
the test while the equipment searching for exothermicity as shown in the above table. In 
the other hand, tests D51 and A14 were heated up to the end of the first exotherm 
reaction i.e. 250 °C when the nitrogen was flowing instead of air to prevent any 
exothermic activity. Then the injection system was switched to air and HWS test was 
commenced. This produces an exotherm reaction similar to the second exotherm in the 
previous tests (D50 & A l l )  this can be seen in Figures 5.27 and 5.28. These results 
have proved that the two exotherms are independent from each other and can be treated 
separately.
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Figure 5.27: Self-Heat Rate vs. Temperature For Tests D50 and D51
The possible reaction route is therefore defined as follows
(1) Exotherm 1, or so-called Low Temperature Oxidation (LTO) reaction leading to 
Auto-ignition
(2) Exotherm 2, or so-called High Temperature Oxidation reaction (Combustion)
The change of self-heat rate profile corresponding to the change in the amount of 
carbon oxides produced and oxygen utilization, confirms that there is definitely a 
change in reaction mechanism taking place. This will be discussed later.
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Figure 5.28: Self-Heat Rate vs. Temperature For Tests A11 and A14 
5.3.2 Reaction Regions
As discussed above, the exotherm obtained generally exhibit two regions. First, a low 
temperature oxidation (LTO) region is extending up to about 250-270 °C, followed by a 
high temperature oxidation (HTO) region is extending up to 500 °C, or more. These 
different reaction regions can be illustrated by discussing some experimental results. 
The selected tests initialization parameters are summarized in Table 5.12.
Table 5.12: Initialization Parameters For The Tests D27, E1, B20 and A25
Parameter D27 El B20 A25
Sample Cell Mass (gm) 26 26 26 26
Sample Cell Type 4A 4A 4A 4A
Oil (gm) 0.12 0.31 0.42 0.18
Oil Type D E B A
Water (gm) 0.00 0.36 0.22 0.50
Rock (gm) 3.22 5.93 5.93 5.93
OiLHock Ratio %  (gm/gm) 3.61 5.2 7.14 3.06
Oil/Water Ratio (gm/gm) - 0.86 1.96 0.36
Pressure (bar) 70 70 70 70
Air Flow Rate (cc/min) 48 120 48 120
Air flux (m3/m2.hr) 6 15 6 15
Start Temperature (°C) 90 90 90 90
End Temperature CC) 480 480 480 480
Slope Sensitivity (°C/min) 0.02 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5 5
Wait Time (min) 10 10 10 10
Search Time (min) 10 10 10 10
End Searching Temp. (°C) 450 450 450 450
Phi factor 5.7 2.9 3.0 2.8
HLC Device FLlc FL5e FLlc FL5e
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Figures 29-32 present a major self-heat rate (SHR) exotherms for oils D, E, B and A as 
a function o f temperature, respectively. The SHR curves for all tests shows a common 
pattern. Definition o f the curve starts at the temperature where the SHR exceeds the 
minimum value of 0.02 °C/min. The SHR increases in an approximately exponential 
fashion with temperature up to a condition where there is an obvious change in the 
reaction mechanism, autoignition period. At this state, tests exhibited an abrupt rise in 
the SHR which, when viewed in terms o f time, is very short duration. This can be seen 
in the next section Figures 33 and 34. The PHI-TECII is considered to be accurate for 
SHR<200 °C/min, so recorded rates greater than this limit are less than the accurate 
value. Energy generation during the high rate SHR period elevates the reaction 
temperature to what is generally defined as the maximum limit o f the low temperature 
region. SHR rates then show a slight drop and the SHR and may continue up to the 500 
°C the maximum temperature o f the PHI-TECII. This last region is called high 
temperature oxidation reactions.
The important feature o f the SHR profiles is that there are two definite temperature 
ranges (T< 250 °C, and 250 °C+) where heat rates are significant. Generally, the 
reaction system is particularly complex when the reaction material is a multicomponent 
mixture o f unknown composition. In the low temperature oxidation (LTO) region < 250  
°C, the most important concept is that as temperature increases, different reactions come 
into play accompanied by acceleration in reaction rate and rapid rise in temperature. 
Then, it is followed by combustion reaction or high temperature oxidation reactions 
(HTO).
1. Auto-reaction temperature (Onset Temperature)
The spontaneous reaction temperature is the temperature at which the reaction usually 
LTO, is seen to start in the crude oil under a given set o f conditions. If it occurs at a 
temperature below the particular reservoir temperature, it implies that oxidation 
reactions should spontaneously occur in the reservoir upon air injection. Depending on 
the reactivity o f the oil and the conditions o f the oil reservoir, the heat generated by 
these low temperature oxidation reactions can lead to the spontaneous ignition o f the oil 
in the formation (mainly in deep light oil reservoirs).
The adiabatic PHI-TECII calorimetry data would allow onset o f reaction to be easily 
determined. However, the minimum temperature at which exotherm reaction will occur
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is not an absolute value. It is linked to the sensitivity of the equipment and depends 
markedly on the experimental conditions.
The Arrhenius equation, the foundation o f chemical kinetics tells us that only at a 
temperature of absolute zero, will no chemical reaction occur. At ever increasing 
temperatures the rate will get faster and faster. In a PHI-TECII test an exothermic 
reaction will be detected at a specific temperature (Figures 5.29-5.32). However there 
are several test criteria, which may influence this:
• Heat step size • Samples mass • Other test conditions
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Figure 5.29: Self-heat Rate Profile Figure 5.30: Self-heat Rate Profile
(Onset temperature) For Test D27 (Onset temperature) For Test E1
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With heat steps o f 5 °C, the onset temperature can only be an increment of the selected 
heat step. Repeated tests with a particular sample may show onset at either of two 
consecutive steps. In one test the onset may just be missed and in the next just caught, 
but the observed on set will vary by 5°C.
Reducing the sensitivity from 0.02 °C/min to 0.001 °C/min for Test D27 may reduce 
the onset temperature by 20-30 °C, or may be by a much greater temperature if minor, 
low energy reactions occurs (slow low temperature oxidation reactions).
PHI-TECII calorimetry data of samples with differing activation energy indicates part 
of the problem. The activation energy relates directly to the slope of the self-heat rate 
curve. Extrapolation as shown clearly indicates that with a similar onset Tests D27 and 
E l, a sample with a higher the activation energy (steeper slope of self-heat rate curve, 
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Figure 5.31: Self-heat Rate Profile Figure 5.32: Self-heat Rate Profile
For Test B20 For Test A25
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Figure 5.31 shows an initial rapid acceleration o f the self-heating rate. The true onset 
may be test-to-test variable and will differ with samples o f different thermal history. 
Here the actual onset temperature is very misleading, the Arrhenius portion extrapolated 
back in temperature would give a favoring onset, but extrapolating the initial data would 
be unfavorable result. In this case, isothermal ageing for 24 hours at temperatures in the 
range 80-120°C may be carried out to see if  the reaction will begin, after an induction 
time.
It is also very difficult to define a true onset for samples with initial minor exotherms; 
this is shown in Fig. 5.32 above. There is no simple answer to what the true 
extrapolated value is.
In addition, the amount o f sample and mass o f sample cell will contribute to the thermal 
inertia, <|>, and, as will be discussed in section 5.8, the greater the heat loss into the 
container the higher the onset temperature.
Therefore whilst the onset temperature is important in application o f air injection 
process into light oil reservoirs, it is very important onset temperature is understood not 
to be a simple number and thus should be quoted with further information describing 
the experiment. Clearly instruments that are more sensitive than the PHI-TECII 
calorimeter will give onsets at lower and instruments o f lower sensitivity will give onset 
at higher temperatures.
2. Spontaneous Ignition Temperature
Spontaneous ignition is viewed as very desirable for application o f LOAI, since it 
simplifies process initiation and substantially improves process stability (Moore 2001). 
In the initial stage heat released during low temperature oxidation accumulates greater 
than can be dissipated resulting in an increase in temperature. This happened when the 
thermal losses through the rock are small, compared with the heat generated by the 
oxidation reactions, correspondingly, the temperature in the reservoir increases. If heat 
continues to be generated at a rate greater than it is dissipated, a temperature condition 
is soon reached which is generally called as an “ignition temperature” (Tedema, 1970; 
Burger, 1976). Several investigators (Gate, 1958; Roger, 1986; Tadema 1970; Burger 
1976) have used the heat released during LTO reactions to estimate the spontaneous 
ignition time for an in-situ combustion projects.
Laboratory auto-ignition, or a temperature increase when the system is held at reservoir 
conditions, is taken as indicative o f field auto-ignition. However, absence o f auto­
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ignition in a laboratory experiment does not predict field performance. The reservoir is 
a more perfect adiabatic environment and a system may field autoignite, even if it did 
not do so in the laboratory, this is discussed in section 5.8.
In the previous tests described above, after an induction period, tests exhibited an abrupt 
rise in the SHR, which is the auto-ignition phenomenon. This behavior can be observed 
exceptionally clear in Figures 5.33 and 5.34.
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Figure 5.34: Adiabatic Temperature Profile for Tests D27 & E1
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The autoignition was occurred in test D27 at 177 °C, at this state, the test exhibited a 
rapid increase in the SHR and reached the maximum SHR 158 °C/min at temperature 
231 °C. Energy generation during the high rate SHR period elevates the reaction to 
temperature 258 °C. This is the maximum limit of the low temperature region. The 
induction period in this test has taken 5.4 hours to increase the temperature from 115 °C 
to 188 °C. The exothermicity parameters for these experiments are shown in the Table
5.13. However, the comparison between these tests is not applicable as the experiment 
conditions were different.
3. High Temperature Oxidation Region
A combustion region normally follows the autoignition zone, categorized by constant 
SHR, and continuous till it reaches either the maximum PHI-TEC II temperature (Test 
D27, El and B20) or fuel depleted (Test A25). A constant SHR during this region were 
evidence that only one reaction is taking place. Table 5.13 below shows the beginning 
and end of the combustion region for the tests discussed above.
Table 5.13: Exothermicity Parameters for Tests D27, E1, B20 and A25

















D27 110 0.028 172 322 158 258 6 259 >500 10 25
El 114 0.021 177 194 894 288 5 290 >500 21 11
B20 193 0.021 237 77 220 315 4 320 >500 12 15
A25 109 0.048 184 188 155 278 5 276 472 16 13
70= In i tia l  T em p era tu re , (d T /d t)o ~  S H R  a t  in it ia l tem p era tu re , T r  F in a l  T em p era tu re , (d T /d t)m=  
M a x im u m  SH R , Ta= A u to - ig n itio n  T em p ertu re
5.4 OXYGEN CONSUMPTION AND COMBUSTION PARAMETERS
Effluent gas analysis (EGA) techniques were also applied during this study. The
produced gas is constantly analysed for its carbon monoxide, carbon dioxide and
oxygen contents. Information on the types o f reactions occurring is gained by
comparing the levels o f carbon oxides (CO and CO2) produced to the oxygen consumed
versus sample temperature. The plots typically contain a number of peaks in the oxygen
consumption curve. The heights and positions of these peaks are a guide to the extent to
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which the various oxidation reactions are occurring, e.g., the amount of fuel 
combustion. EGA experiments are ideal for studying the oxidation kinetics, since they 
eliminate the effects of fluid displacement.
An example is given in this section to illustrate the method used to calculate the oxygen 
consumption and combustion parameters for each run. The initialization parameters for 
Test E7 are summarized in Table 5.14.
Table 5.14: Initialization Parameters For The Test E7
Parameter Value Parameter Value
Sample Cell Mass (gm) 26 Air flux (m3/m2.hr) 15
Sample Cell Type 4A Start Temperature (°C) 100
Oil (gm) 0.19 End Temperature fC ) 480
Oil Type E k o fisk Slope Sensitivity (^C/min) 0.02
Water (gm) 0.50 Heat step Temperature (°C) 5
Rock (gm) 5.93 Wait Time (min) 10
Oil/Rock Ratio % (gm/gm) 3.12 Search Time (min) 10
Oil/Water Ratio (gm/gm) 0.37 End Searching Temp. (°C) 450
Pressure (bar) 20 Phi factor 2.8
Air Flow Rate (cc/min) 120 HLC Device FL5c
5.4.1 Oxygen Consumption
A measure of the level of oxygen reacted and utilized by different reactions during the 
process. This parameter is a tool to measure the intensity and the extent of the reaction 
regimes at different temperatures. In addition, it is an important parameter in most of 
the kinetic models.
Oxygen concentration was 21% in the inlet gas and each experiment gave a continuous 
record of O2, CO and CO2 as volume percentages in the exit gas stream. This 
information was converted into plots of concentration versus time or temperature as 
required. The method used to calculate the amount of oxygen consumed is given in 
section 4.4.1. Figure 5.35 presents gas composition and temperature vs. time profile for 
Test E7 experiment at low pressure. The consumed oxygen and the produced CO2 and 
CO are plotted against the left ordinate while the ordinate on the right presents the 
temperature of the sample cell (in °C). The abscissa shows the run time (in minutes) 
from the beginning of a HWS run.
There are two apparent peaks in the oxygen uptake and production of carbon oxides at 
different temperatures; the first and second peaks were at 250 and 325 °C, respectively. 
At low pressure tests similar behavior was observed with other crude oils. However the
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first peak may be smaller or higher than the second one, depending on the nature of the 
crude oil
The curve falls away at temperature above 380 °C, but this is due to the low gas 
composition being measured. The most accurate readings are those around the oxygen 
consumption peaks. Inaccurate data are recorded at the start and end of each run, since 
very low carbon-oxide concentrations are being measured.
Note that the size of oxygen consumption peaks indicates the extent to which oxidation 
reactions occur. Also, which is the most important finding in this research is that the 
oxygen consumption peaks was followed closely by the amount of heat released. 
Experiment also confirmed that LTO reaction of light crude oils is associated with a 
high level of carbon oxides production.
The combustion performance can also be evaluated, in part, from the oxygen utilization. 
This is defined as the fraction of oxygen consumed in the oxidation or combustion 
reactions from the total oxygen injected. Equation 4.33 was used to calculate the 
oxygen utilization. Therefore, the oxygen utilization for the first and second peak was 
36% and 48 %, respectively.
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Figure 5.35: Effluent Gas Analysis Data for Test E7
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5.4.2 Molar CO/CO
In this test, carbon dioxide was detected before to carbon monoxide. The maximum 
carbon dioxide concentrations for the two peaks were 2.1 and 6.4 mole percent, 
respectively, and maximum carbon monoxide concentrations were 1.0 and 1.7 mole 
percent. As might expected, the carbon dioxide and carbon monoxide concentrations are 
sensitive to the difference in the reaction temperatures.
The molar ratios of the carbon oxides (CO2/CO) produced by the oxidation reactions of 
crude oil E at different temperatures are shown in Figure 5.36. The changes in CO2/CO 
indicate the transition between reactions at different temperatures. CO2 content of the 
produced gases increased as the sample cell temperature increased. It appears that the 
value of CO2/CO has two distinct regions. Below 293 °C, it is increasing from 1.0 to 2.6 
and at higher temperatures is ranged from 3 to 7.2. The calculated CO2/CO at very low 
and very high temperatures were excluded because of the lower accuracy in 
measurement of small concentration of carbon oxides produced.
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Figure 5.36: Molar C02/CO Ratio A t Different Temperatures 
5.4.3 0 2 Consumed/  Total Carbon Oxides Produced
This is the ratio whereby the boundary of the reaction regimes, i.e. LTO and HTO, can
be identified. During LTO reactions, some oxygen is consumed to produce carbon
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oxides, but the combined production of these gases less than oxygen consumption. 
Differences in oxygen consumption and carbon oxides production indicate that some 
oxygen is consumed in other reactions under LTO conditions. At high temperatures, the 
HTO region, nearly all of the oxygen is consumed to produce carbon oxides and the 
combined production of carbon oxides should be equal to oxygen consumption if the 
fuel is composed of carbon only and this completely combusted.
Figure 5.37 shows the oxygen consumed and total carbon oxides produced against time 
at high temperatures (about 325 °C), the amount of consumed oxygen is comparable to 
the amount of produced carbon oxides (i.e., CO2+O.5 CO). But at low temperatures, the 
oxygen consumed is greater than the carbon oxide produced. At even lower 
temperatures, some oxygen is consumed but no carbon oxides are produced.
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Figure 5.37: Oxygen Consumed & Total Carbon Oxides Produced Vs Time 
5.4.4 Apparent H/C and m-Ratio
The apparent H/C ratio and to a lesser extent the [C0/(C0+C02)] ratio, are useful 
parameters for evaluating the combustion performance (Equation 4-37). The apparent 
H/C ratio was calculated from the analysis of the produced gases for each exothermicity
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run as a function of temperature from (Equation 4-40). Figure 5.38 presents the 
apparent atomic ratios and temperature as a function of time. A lower ratio for each 
signifies more efficient combustion reaction occurring. The ratio of H/C for the fuel is 
calculated on the assumption that any unaccounted oxygen not participating in the 
combustion reactions is consumed in the formation of water. This is not totally correct 
in the real reservoir conditions because some of the oxygen will be consumed by LTO 
reactions downstream of the combustion front for this reason the H/C ratio is considered 
an apparent value, rather than a true one.
The transition between reactions at different temperatures can be observed by 
examining the changes in these two parameters. It appears from the plot above that the 
m-ratio has two distinct values, high m-ratios are observed at lower temperatures while 
low and relatively constant m-ratios are obtained at high temperatures. The decrease of 
m-ratio with temperature, until a relatively constant value is reached, implies that the 
reactions at low temperatures are numerous and not unique, whereas, the high 
temperature fuel is a heavy residue. Typical values of CO/(CO+CC>2) for stable high 
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Figure 5.38: Apparent H/C Ratio and m-Ratio Versus Time
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Figure 5.38 shows also that the apparent H/C ratio can be represented by two regions; 
values ranging from 16 to 4 at the LTO peak, whereas at temperatures greater than 320 
°C (HTO region) apparent H/C ratios were typically in the range 0 to 1. Using different 
experimental technique, Fassihi (1984), Burger (1985) and Mamora 1994 also found 
apparent H/C ratios between 0 and 1 for the crude oil in the HTO range.
5.4.5 Distinguish between LTO and HTO
The chemical and physical processes involved in the air injection process make it a very 
complex process for study. Numerous chemical reactions occur in series and parallel 
and thus the intermediate products formed can be separated only with difficulty. The 
difficulty is normally pronounced at different temperature ranges, depending on the 
nature o f the oil and core matrix, where different reaction regions, i.e. LTO and HTO 
regions, are in competition with each other (Fassihi et al., 1984; Shallcross, 1989; AL- 
Safar et al., 2000). These reactions become more complicated when high pressures are 
applied and distinguish between the reaction regions i.e. LTO & HTO more difficult. 
The differentiation between reactions regions were made based on oxygen consumption 
curve and self-heat rate profile (Figure 3.39) as follows:
• The presence o f LTO reaction will characteristically yield an apparent H/C ratio 
that is high.
• During LTO reactions, some oxygen is consumed to produce carbon oxides, but 
the combined production o f theses gases is less than the oxygen consumption. 
The difference in oxygen consumption and carbon oxides production indicates 
that some oxygen is consumed in other reactions under LTO conditions. On the 
other hand, at high temperature (i.e. the HTO region), nearly all o f the oxygen is 
consumed to produce carbon oxides (the combined production o f carbon oxides 
should equal the oxygen consumption, if  the fuel is composed o f carbon only 
and this is completely burnt). Thus, a plot o f the ratio o f oxygen consumed to 
carbon oxides production will show a decrease as the LTO region shifts towards 
HTO reactions (Figure 5.37).
• LTO will generally give a relatively high molar carbon ratio (CO/(C02+CO)). 
The value in the Figure 5.38 above shows an increase as the sample temperature 
increased. Thus, as the reaction regime changes from LTO to HTO, carbon 
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Figure 5.39: Self-heat Rate and Oxygen consumption vs. Temperature
5.5 QUANTITIVE INTERPRETATION OF THE PHI-TECII TEST
Based on the discussions in sections 5.3.1 and 5.4.5, an attempt is made to fit a reaction 
mechanism to the results obtained. The complete reaction scheme is very complex, and 
may involve hundreds o f intermediate products and reactions. The possible reaction 
route is defined as follows
(1) Exotherm 1, or so-called Low Temperature Oxidation (LTO) reaction leading to 
Auto-ignition
R - C H 3 +  0 2 ^ ^ < 2 3 0  >0 x y g e n a t e d H y d r o c a r b o n s  + C 0 2  +  C O  +  H 20 - A H
(2) Exotherm 2, or so-called High Temperature Oxidation reaction (Combustion)
The change of self-heat rate profile was closely corresponding to the change in the 
amount of carbon oxides produced and oxygen utilization (see Figure 5.39 above), 
confirms that there is a change in reaction mechanism taking place.
R  -  C H  3 + O  2 Temp . Range > 250 C C O  2 + C O  + H  2 0  -  A H
The above simplified reaction stoechiometry can be used for the reaction modeling used 
in a reservoir thermal simulator.
Because the PHI-TECII is an adiabatic calorimeter with well-defined operation and 
performance, it is possible to use adiabatic kinetics to analyze the data it produces.
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Various thermokinetic parameters such as Activation Energy (Ea), Reaction Order (n), 
Arrhenius Frequency Factor (Ar), Adiabatic Temperature Rise (ATab) and Heat o f  
Reaction (AH) may be derived. This information, when combined with other 
knowledge, provides a fundamental understanding o f the processes involved. Once 
obtained, this information may be used in scale-up calculations i.e. thermal reservoir 
simulation models. In addition, the PHI-TECII provides an experimental time to 
Maximum Rate Plot, which can immediately assess the time delay required to achieve 
autoignition.
For illustrative purpose, the data analysis can be discussed by given a sample 
experiment Test E7. The initialization parameters for this test are listed in Table 5.14. 
The self-heat rate and oxygen consumption profiles against temperature are plotted in 
Figure 5.39.
5.5.1 Estimation of Arrhenius Reaction Kinetic Parameters
The temperature data measured during a test are related directly to the reactions taking 
place. The magnitude o f the temperature rise can be used to evaluate the reaction 
enthalpy as will be discussed in section 5.5.2. Similarly the rate o f temperature rise can 
be used to obtain details o f the ‘global’ kinetics.
As the reaction route was indicating two steps reactions, the analysis was carried out 
empirically by selecting Arrhenius portions o f data, but this should be done only with 
great care. The reaction kinetics was evaluated for the two major exotherm reaction 
(LTO & HTO) for tests carried out in excess o f oxygen. However, the kinetic 
parameters were estimated for LTO region only for tests exhibited shortage in oxygen 
in the second exotherm (HTO). Because the activation energy (Ea/R) is highly sensitive 
to the behavior o f the self-heating rate during the initial period when the self-heating 
rates occur, it is assumed that use o f a single Arrhenius equation would be adequate to 
obtain the kinetic parameters for this period.
The data is then analyzed to fit an Arrhenius type reaction model using the analytical 
relationships detailed in section 4.3. The estimation o f  reaction kinetic parameters was 
based on the following Arrhenius equation for reaction rate constant (k). 
k = Are'Ea/RT[Cf]°
where: Cf = fuel, Ar = reaction frequency factor, Ea = activation energy which is a 
measure o f energy in excess o f the average energy level which reactants must have for
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the reaction to proceed, R = gas constant, T = absolute temperature, n = order of 
reaction which is highly dependent on the temperature range over which the maximum 
rates are observed.
The reaction rate constant is obtained from the self-heat rate data using equation 4.17. 
Table 5.15 lists the data obtained from the experiment
The initial temperature for LTO refers to the values at which the reaction is detected, 
whilst the final temperatures depict the point where the reaction switches to the HTO 
region (i.e. the temperature at maximum rate). The later temperature is the initial 
temperature for the HTO region whilst the final temperature depicts the point where the 
detection has ceased due to depletion of the fuel.
The final temperature of the initial stage (LTO) and the initial temperature of the final 
stage (HTO) of the exotherm profile are approximated to that at the minimum point 
between the two self-heat rate peaks. The initial parts of each stage of the reaction are 
then treated separately, so that an approximate order for each part of the curve can be 
determined using a linearity plot of equation 4.14 Figures 5.40 and 5.41 presents the 
reaction rate constant plots at different reaction orders for LTO region and HTO 
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Figure 5.40: Pseudo-Rate Constant Vs Reciprocal Temperature @ Different 
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Figure 5.41: Pseudo-Rate Constant Vs Reciprocal Temperature @ Different 
Reaction Orders For HTO Region (Test E7)
Having determined the reaction order equation 4.14 can be used to ascertain the 
respective activation energies and pre-exponential factors by taking the slope of this line 
and solving equation 4.14. Table 5.8 lists the kinetic parameters obtained, which can be 
used in reservoir simulation models where Ea is activation energy, and A is Arrhenius 
pre-exponential factor.
The limitation of this theory is that the kinetics is not mechanistic but is indicative of 
global, or overall, behaviour. Often, the temperature range over which the kinetic fit is 
adequate is less than that for the whole experiment.
Arrhenius Reaction Kinetic Parameters obtained from analysis of the experimental data 
are summarized in Table 5.15. The kinetic parameters are obtained on the basis of a 
zero order reaction for oxygen partial pressure (oxygen in excess) and nth reaction order 
in respect to the fuel.
Temperature Range 270-410 deg C
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Figure 5.42: Pseudo-Rate Constant Vs Reciprocal Temperature 
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Figure 5.43: Pseudo-Rate Constant Vs Reciprocal Temperature 
For HTO Region (Test E7)
The reaction kinetic parameters for HTO region were also estimated using EGA 
techniques. This research has not attempted to model the oxygen-consumption curve for
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LTO region because of the range of behaviour observed in this region. As will be seen 
later, the effect of pressure is caused disappearance of the first peak of oxygen 
consumption curve, which makes distinguish between the two regions extremely 
difficult.
Figure 5.44 shows the graph of the natural logarithm of the left-hand side o f equation 
4.50 verses 1/T for HTO region yields a straight line with a slope of -E /R  and an 
intercept of ln(3. At temperature below 320°C data deviate from the predicted line, 
indicated that more than one reaction is occurring. The activation energy was evaluated 
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Figure 5.44: Arrhenius Graph for HTO Data Using 
FGA Techniques For Test E7
Table 5.15: Reaction Kinetic Parameters For The Test E7
Parameter Experiment LTO Region HTO Region
Initial Temperature (K) 121 268
Final Temperature (K) 267 380
Order o f  Reaction with respect to fuel 1 1
Activation Energy (KJ/Kmol) 98 42
Activation Energy (KJ/Kmol) (using FGA) - 41
Arrhenius Frequency Factor (T/sec^ 1.05E+8 20.22
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5.5.2 Exothermicity of Oxidation Reactions
The exothermicity parameters obtained from the experiments and used to characterize 
the energy release or exothermicity o f each reaction are listed below:
•  The self-heat rate (dT/dt) during each reaction region
• Temperature intervals
•  Time for each region
• Energy evolved during LTO (ELTO) (Joule) and (Joule/02 mole consumed)
• Energy evolved during HTO (EHTO) (Joule) and (Joule/02 mole consumed)
The exothermic parameters are to be used to compare the different experimental results, 
as these are directly obtained from the experiments. The kinetic parameters are a 
function o f the exothermic self-heat rate and therefore should follow similar trends. The 
energy evolved, AH, is calculated from equation (4.24):
Of the various exothermicity parameters listed above, the most important is the self-heat 
rate, as it is a sign o f how vigorous the reaction is. The energy evolved is obtained from 
the adiabatic temperature rise. The exothermicity parameters for each o f the reaction 
regions are measured. The results for the Test E7 experiment are shown in Table 5.16 
below. An example o f the energy-evolved calculation for Test E7 is shown below for 
illustrative purposes:
Using equation 4.24 the following parameters are obtained,
Cp for crushed reservoir rock is taken as 0.796 J/g.K, 
mass o f crushed rock is 5.93g,
Cp for water is 4.18 J/g.K, 
mass o f water 0.5 g
Volume o f oil is 0.22ml, and the mass o f oil is obtained using the density 
Oil D is 37 °API oil,
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/. p oil = = 0.839g / m l
0,1 131.5 + 37
and the mass o f oil is 0.19g
Cpfor oil is 2.14 J/g.K,
„  „  , , thermal mass o f  sample container , ( M C p ) r
Phi Factor =</>=!+---------------------------------    =1+- Jc
thermal mass o f  sample ^  q  ^
(m.Cp)sample (total) — (mCp)0ii+ (mCp)water"^ ”(mCp)Rock
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= (0.19x2.14 + 0.5x4.18 + 5.93x0.796) = 6.9 J/K 
()> = l+(26) (0.5)/(6.9) = 2.8
* * =  (niouC^u +  mwaterC pwater +  mrockCprock)4 ^ T ad
A H  ( L T O R e g io n )  = (6.9).(2.8).(267-121) = 2820J  
A H  ( H T O R e g io n )  = (6.9).(2.8).(380-267) = 2183./
Other exothermicity parameters that can be read from the data include a maximum self­
heat rate (usually in the autoignition region), the reaction onset temperature, and the 
temperature drop after the end of the LTO region. This latter phenomenon was observed 
during this study and is discussed later in section 5.6.
In some experiments when the flow gas analysis was conducted, the energy evolved per 
oxygen mole oxygen consumed was calculated for both regions LTO and HTO.
p y
N u m b e r  o f  m o le  o f  o x y g e n  c o n s u m e d  ( N )  = -----
R T
where P= pressure at standard conditions (bar), V = volume of consumed air (c c )  -  
(average oxygen consumed %)* injected air volume, T = absolute temperature at 
standard conditions (K)
N (L T O  Region-Temp, range 225-250 °C) = (1 )(7.8/100)(120)(4)/(83.14)(295.15)
= 0.0015 mole
N (H T O  Region-Temp, range 290-340 °C) = (1)(10/100)(120)(6)/(83.14)(295.15)
= 0.0029 mole 
AHlto /02  mole consumed = (6.9)(2.8)(250-225)/0.0015
= 333207 J/mole O2 consumed 
A H h t o / 0 2  mole consumed = (6.9)(2.8)(340-285)/0.0029
= 366413 J/mole O2 consumed
Table 5.16: Energy Evolved For The Test E7
Parameter Experiment LTO HTO
Thermal inertia (<|>) 2.8 2.8
Onset Temperature (°C) 121 268
Final Temperature rC ) 267 395
Maximum Self-heat Rate (°C/min) 26.3 15.02
Temperature at Maximum SHR (°C) 236 301
Reaction Time (min) 137 16
(<J))-Corrected Heat O f Reaction (KJ) 2820 2183
(<|>)-Corrected Heat O f Reaction (KJ/02m ole consumed) 333.2 366.4
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Adding up the individual energy evolution values for the both regions and will give the 
total or overall energy evolved during the whole test. The overall energy-evolved value 
in the table above is given here for modeling purposes to give a quick approximation o f  
the energy evolved. The most accurate representation is by calculating each region 
separately rather than using the total value i.e. LTO+HTO.
For subsequent analysis, in order to understand the effects o f different parameters on the 
reaction exothermicity, the exothermic data obtained for any two experiments under 
comparison are analyzed to obtain ratios o f some o f the exothermicity parameters such 
as the self-heat rates in the various reaction regions and the reaction times for each 
reaction region. The exothermicity data obtained for the two experiments under 
comparison are divided to obtain ratios in order to see the trend a change in the 
parameter causes to it or the SHR profile are plotted in same graph.
5.5.3 Time to Maximum Heat Rate
In the reservoir, an approximate estimation o f the delay time tjgn can be calculated if  the 
heat lost to the surroundings (conduction and convection) from an element is small with 
respect to the heat o f reaction. In this case nearly all the heat o f reaction is used to raise 
the temperature o f the formation.
This time in PHI-TECII test is defined as the time to maximum rate or the time period 
required prior to the auto-ignition from any specific temperature in the fully adiabatic 
condition. A knowledge time to maximum rate at all temperatures therefore allows the 
auto-ignition distance from the injector to be estimated in order to protect any 
anticipated damages to the casing o f the injection well. In the other hand, if  the delay 
time is too long, there may be a possibility to apply artificial ignition rather than 
spontaneous ignition.
In order to represent the process preceding auto-ignition, one can use a model similar to 
that for thermal explosion. To illustrate this basic calculation, an example is given 
below. The initialisation parameters for Test D27 were summarised earlier in Table 
5.12. Figure 5.29 shows the self-heat rate curve from Test D27. The reaction 
commences near 110 °C and the rate increases with temperature until above 500°C. 
There is o f course a point where the self- heat rate is a maximum. This can be seen
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easily here but in a more complex reaction with overlapping peaks the maximum self­
heat rate may have to been carefully defined. The maximum SHR for this test was 141.9 
°C/min at temperature 249.2 °C.
At the temperature where the maximum self-heat rate occurs, the time to get to this 
temperature, the time to maximum rate is zero. At all lower temperatures there will be a 
specific 'time to maximum rate'. The first dated point will have the longest time to 
maximum rate. Therefore it is possible to plot temperatures against times to maximum 
rate. This is shown in Figure 5.45.
Because this time to maximum rate plot has been obtained directly in an adiabatic test 
that has simulated runway reaction, it is possible to directly apply the data. At every 
data point it is possible to know the actual time to maximum rate or auto-ignition. But it 
may be necessary to extrapolate to lower temperatures to get an estimation o f time to 
maximum rate from a temperature o f interest. This must be done with caution from the 
raw data or it may be done if the kinetics is evaluated from the modelled kinetic 
reaction. Extrapolation o f tmr plots o f multiple, complex or autocatalytic data sets are 
difficult because there is not a straight-line part o f the curve at lower temperatures. In 
these cases, only the worst-case extrapolation should be considered. The worst-case 
extrapolation for this application being the one that gives the longest times at any 
selected temperature. If the temperature o f interest in this example was 60 °C at 
sensitivity rate 0.001 °C/min (see Figure 5.29), it can be seen from the data in Figure 
5.45 the time to maximum rate would be very long indeed i.e. about two weeks. There 
may be a need to apply the artificial ignition to accelerate the process. If the heat loss is 
high in the real reservoir conditions, thus the true delay time available should be longer. 
However, in this example, the Oil D reservoir conditions (see Table 4.1), the initial 
reservoir temperature 120 °C, so there would be a period o f a few hours before the 
autoignition occurred. Undoubtedly, this o f course required further evaluation 
incorporated the effect o f other parameters in the real oil reservoir such as flow pattern, 
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Figure 5.45: Time To Maximum Rate Plot For Test D27
5.6 DISCONTINUITY OF EXOTHERMIC PROFILE
Oils are potential candidates for in-situ combustion or even to light oil air injection 
(LOAI) recovery process are often screened by means of their oxidation characteristics: 
in particular, the kinetics of the ignition process and the transition from low-temperature 
to high-temperature oxidation through what is known as the “negative temperature 
gradient region”. NTGR is the lower temperature portion of this transition range in 
which the oxygen uptake and energy generation rates decrease with increasing 
temperature. A region was observed in some of the experiments during this study in 
which there was a decrease or discontinuity in self-heat rate (SHR) values after the LTO 
mode. If this decrease less than the threshold the system switches to a “heat-wait- 
search” mode to enable the reaction to start again. Basically, any ARC test showing 
discontinuity in the exotherm will not resume reaction, unless energy (heat) is added to 
the system to overcome this region (NTGR). The addition of heat to overcome this 
stage in a reservoir condition is not possible.
However, the discontinuity in the exothermic profile was found that it could be caused
not only because there was no or low reaction, but may be due to inability of the PHI-
TEC to accurately follow SHR higher than 200 °C/min, which in this case gives a
misleading interpretation. The various reasons can cause the exotherm discontinuity or
decrease in the SHR profile with increasing in temperature, are discussed in this section.
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1. Negative Temperature Gradient Region (NTGR)
The concept o f a temperature range where oxygen uptake rates and energy generation 
rates decreases with increasing temperature is not new. As far back as 1959, Tadema 
observed two isolated temperature peaks, Babu (1983), in their study of LTO in 
Athabasca bitumen found a region where the rate o f oxidation dropped to a lower rate. 
Burger and Sahquet (1972) and Fassihi (1984) using similar experimental techniques 
have presented oxygen uptake versus temperature data based on linear heating o f the oil 
samples, and their data clearly show a low reaction-rate region which is nominally 
assumed to separate the low-temperature oxidation and high-temperature oxidation 
regions. Similar behavior has been widely reported based on differential thermal 
analysis and adiabatic accelerating rate calorimeter. The effect o f this NTGR on the 
oxidation o f any crude oil in the field has also been discussed. Moore (1992) stated that 
this region would determine the possibility o f a particular crude oil transitioning from 
LTO to HTO. It was also the basis for the screening method proposed by Yannimaras 
(1995) using ARC. In this case, it is characterized by a discontinuity in the self-heat rate 
plot. Zelenko (1997) reported the existence o f this region in his ARC tests. Both light 
and heavy oils exhibit a negative temperature gradient region (NTGR) over the 
approximate temperature range from 280 to 350 °C (Moore 1998). This region appears 
to separate the low temperature oxidation and high temperature oxidation regions.
The results o f the previous two experiments (E6 & E7) are further analyzed and 
discussed in this section to explain this phenomenon. As listed in the Tables 5.10 and
5.14, both tests were carried out at different pressures but the other experimental 
conditions were completely similar.
Graphs showing the all data obtained from the experiments and the resulting analyzed 
data are shown below for both tests. These show the difference between the results 
obtained with 20 bar and 70 bar pressures.
The tests E6 and E7 show that oxygen uptake becomes significant at a temperature o f  
180 °C and 200 °C, respectively, and this is marked by an increase in the self-heat rate 
rise, which reflects high energy generation rates. The compositional and SHR data for 
the two runs show very different behavior. The oxygen consumption for test E6 
increased to 8.1 mole percent then decreased to approximately 6.6 mole percent. The 
oxygen consumption, followed closely by the SHR, started again to increase to 10.4 
mole percent makes the second peak. Figure 5.46 clearly show a region o f low energy
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generation and the relative oxygen uptake rates over the temperature range between 255 
and 285 °C. This dip in reaction rate is well documented in the literature for a variety of 
oils using different types of thermal analysis equipment. What appears as a valley in the 
oxygen uptake curve is often considered as the temperature range separating the low 
temperature oxidation and high temperature combustion regions. This temperature 
interval, which starts at 255 °C where the overall oxygen uptake rate declines as the 
temperature increases, is a negative temperature gradient region (NTGR).
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Figure 5.46: Oxygen Consumption, Self-heat Rate and Temperature
Versus For Test E7
Test E6 had only a one oxygen uptake peak and the NTGR was disappeared, the 
maximum O2 uptake was 14.1 mole percent. The maximum carbon dioxide 
concentrations for E6 and E7 tests were 8.2 and 6.3 mole percent, respectively, and 
maximum carbon monoxide concentrations were 2.2 and 1.7 mole percent. The 
respective maximum carbon dioxide and carbon monoxide ratios for both were 
therefore 1.3.
The trend of self-heat rate profile corresponding to the change in the amount of oxygen 
consumed and carbon oxides produced. The maximum SHR for E6 and E7 tests were 
255.2 and 26.3 °C/min, respectively. This also confirms that the pressure is definitely
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has a significant effect on oxidation reaction profile and specifically on disappearance 
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Figure 5.47: Oxygen Consumption, Self-heat Rate and Temperature
Versus Time For Test E6
Based on these tests, it can be concluded that increasing the operating pressure caused a 
significant rise in the self-heat rate, oxygen uptake and disappearance of NTGR. This 
means that both regions LTO & HTO were emerged at higher pressures (Test E6) and 
SHR profile exhibited smooth transfer to HTO region.
Effect of Air Flux on NTGR
In order to investigate the effect of air flux on the N T G R  at low pressure, Test A19 was 
carried out at similar conditions to E7 but the air flux was doubled (from 120 to 240 
ml/min). The initialization parameters for Test A19 are listed in Table 5.17 below.
Table 5.17: Initialization Parameters for Test A19
Parameter Value Parameter Value
Sample Cell Mass (gm) 26 Air flux (m3/m2.hr) 30
Sample Cell Type 4A Start Temperature (°C) 100
O i l ( g m ) 0.18 End Temperature (X ) 480
Oil Type A Slope Sensitivity (°C/min) 0.02
Water (gm) 0.50 Heat step Temperature (°C) 5
Rock (gm) 5.93 Wait Time (min) 10
Oil/Rock Ratio % (gm/gm) 3.06 Search Time (min) 10
Oil/Water Ratio (gm/gm) 0.36 End Searching Temp. (^C) 450
Pressure (bar) 20 Phi factor 2.8
Air Flow Rate (cc/min) 240 HLC Device FL5a
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Fig 5.48 presents oxygen consumption, self-heat rate and temperature vs. time profile 
for Test A19 experiment at low pressure. The existence of NTGR region is the most 
significant observation that can be made from this plot. As the type of oil was different, 
no further comparisons were made.
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Figure 5.48: Oxygen Consumption, Self-heat Rate and Temperature
Versus For Test A19
Thus, the comparison between Test E7 and Test A19 reveals that there was no direct 
relationship between air flux and the existence of NTGR. The important observation 
here can be made is that the ability of an oxidation zone to achieve temperatures in 
excess of 255 °C is dependent on whether the total rate of energy generation at the 
temperature within the NTGR is sufficient to offset the energy requirements associated 
with the heat losses from the reaction zone and the localized heat capacity requirements. 
If the energy generation rate is not sufficient to further elevate the reaction temperature, 
then the temperatures will fall and the oxidation reaction rates will drop until the energy 
rate is sufficient to balance the energy load. If the similar tests above would have 
carried out with a high phi factor, it is expected the exothermicity gap would occur and 
the system switches to HWS mode to restart the reaction.
Laboratory tests show that is the prime operating parameter controlling the ability of 
given reservoir to achieve reaction temperatures in excess of those corresponding to the
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NTGR. Although the process o f air injection into light reservoirs is preferably done in 
the HTO mode, for most cases, it can also work efficiently below the NTGR region, if  
the crude oil reactivity is suitable for complete oxygen consumption. Therefore, the 
essential criterion is the oxygen consumption rate, whether oxygen is used for 
combustion, or for low temperature oxidation. In the other hand, the existence o f the 
NTGR is very significant for heavy oils (normally low pressure) from the viewpoint o f  
achieving the desired reaction temperatures, which will provide for effective pore-scale 
displacement of oil from the region swept by the oxidation zone (Moore et al., 1999). 
The revealing o f the significant effect o f operating pressure on this phenomenon may 
create premises for explaining the very different behavior o f deep light oil, which 
mainly have a high reservoir pressure, during the air injection process. In deep light 
oils, the field projects showed that the combustion front generally at temperature 
between 300 and 400 °C (Zelenco et al., 1997), which corresponds to the high 
temperature oxidation region (Test E6).
From the discussion above, therefore, the NTGR may also be caused by a shortage o f  
oxygen at the start o f the second reaction mode. This is discussed below.
2.0xygen Depletion
The effect o f oxygen pressure on the existence o f NTGR was studied. Significant 
difference often occurs in the LTO/HTO transition, depending on whether the 
experiment is run in the closed or flowing mode. In order to illustrate this effect, two 
tests D23 and D25 were carried out with same experimental conditions but the Test D23 
was as closed system. The test conditions and the amount o f oil, water and rock used are 
given in Table 5.19 in the next section (5.8).
The resulting adiabatic temperature and pressure profile against time for both Tests D23 
and D25 is shown in Figure 5.49. In a closed test, a LTO reaction exotherm starts at 
temperature o f 111 °C and continues the SHR indicates in an approximately exponential 
fashion with temperature up to 177 °C, a condition where there is an obvious change in 
the reaction mechanism. At this state, the test exhibit an abrupt rise in the SHR which, 
when viewed in terms o f time, is o f veiy short duration. Energy generation during high 
rate SHR period elevates the reaction temperature to 245 C, which is the maximum 
limit for the low temperature region; the maximum self-heat rate 847 °C/min was 
recorded. SHR rates then show a significant drop until reached the minimum SHR 
threshold 0.01 °C/min and the computer switched to the ‘heat-wait-search’ mode at a
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temperature of 240 °C to search for further reactions. A second and less significant 
exotherm was detected at 301°C, and operation switched back to the adiabatic mode. 
The temperature then slowly rose in the HTO mode, until it reached of 480 °C, when the 
experiment was halted. The average SHR for the second exotherm region was 0.35 
°C/min.
In the test (D25), air was injected continuously at a rate of 48 cc/min (at standard 
temperature and pressure) during the experiment. Significant exothermic was 
determined at 121 °C, as shown in Figure 5.49, giving rise to a temperature 240 °C. 
Then this reaction was followed by HTO reaction and continues until it reaches 480 °C, 
when the test was halted. The average SHR for the last region was 10 °C/min.
The results of both tests are plotted in figure 5.49 and 5.50. The Figures show the 
adiabatic temperature and self-heat rate profiles, the plots clearly show that the test D23 
exhibited a very big exothermicity gap, while test, D25 this gap was bridged. In a closed 
system, the most obvious reason for the reaction halting is exhaustion of one of the 
reactants. This must be oxygen because there was still fuel left in the bomb at the end of 
an experiment.
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Figure 5.49: Adiabatic Temperature Profile Figure 5.50: Self-heat Rate Profile
For Tests D23 and D25 For Tests D23 and D25
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Therefore, it is not possible to use the data from a closed system to assess whether oil is 
good candidate for air injection technique. In a closed system, oxygen pressure 
decreases quickly, and oxidation reactions are blocked in the NTGR zone. In a 
reservoir, it is possible to maintain a sufficient oxygen pressure by controlling the 
airflow rate, to avoid the NTGR zone.
Hence, it is recommend that to use of flowing-system experiments to screen oils for 
their potential for air-injection applications. The air fluxes used should be enough to 
maintain an excess air to eliminate the effect of oxygen partial pressure on exothermic 
discontinuity. Further discussion between the two configurations i.e. closed vs. flowing 
is made in section 5.8.
3.lnability of PHI-TEC To Track High SHR Data
The discontinuity in the exothermic profile could be caused not only because there is no 
reaction, but may be due to limitation of the PHI-TEC to accurately follow self-heat 
rates higher than 100-150 °C/min. A HWSS test was initiated with the following 
initialization parameters being employed, Table 5.18.
Table 5.18: Initialization Parameters For The Test D59
Parameter Value Parameter Value
Sample Cell Mass (gm) 26 Air flux (mVm2.hr) 15
Sample Cell Type 4A Start Temperature (°C) 90
O i l  ( g m ) 0.21 End Temperature CC) 480
Oil Type D Slope Sensitivity (°C/min) 0.02
Water (gm) 0.59 Heat step Temperature (°C) 5
Rock (gm) 5.62 Wait Time (min) 10
Oil/Rock Ratio % (gm/gm) 3.72 Search Time (min) 10
Oil/Water Ratio (gm/gm) 0.36 End Searching Temp. (^C) 450
Pressure (bar) 70 Phi factor 2.8
Air Flow Rate (cc/min) 120 HLC Device FL5e
The discontinuity in this case is only visible on a log plot of dT/dt where accurate 
detection of negative and zero value are not easily determined. The self-heat rate curve 
for oil D (Test D59) in Figure 5.51 shows discontinuity occurring at 280 °C. However, 
in Figure 5.49, without the log scale, it is seen that the drop in the exothermic self-heat 
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Figure 5.52 clearly recorded significant negative values of self-heat rate after the 
extremely fast LTO reaction rates between 300-350 °C. The temperature was raised 
from 200 to 373 °C in 13 seconds. The negative values of self-heat rate indicates that 
the heat was lost from the sample cell to its surrounding. Indeed, the huge self-heat rates 
could not be tracked accurately to maintain adiabatic conditions. It is of course 
impossible to follow reactions with rates almost infinitely high. This can be seen in 
Figure 5.53. This is an enlarged portion of the real time data at auto-ignition period. The 
maximum temperature reached in this region was 373 °C while the maximum guard 
heaters were behind at 335 °C. As the heat loss was happened in a very short time, the 
system did not switch to HWS and then the guard heaters accurately followed the lower 
self-heat rates during HTO region. The PHI-TECII processor encountered difficulties in 
logging data and could not adhere to or even approach the required data temperature 
step. With design limits set at tracking temperature rates of ~200 °C/min the maximum 
self-heat rate detected during the test was in the region of 890.5 °C/min and data 
suggests a loss adiabaticity during the most important stages of the exotherm. However
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the extremely high self-heat rates may create in themselves a pseudo-adiabaticity, 
whereby the rate of heat generation supersedes the rate of heat loss and makes the latter 
negligible.
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Figure 5.53: Guard Heaters Tracking Trend For Test D59
5.8 COMPARISON BETWEEN BATCH AND COUNTINUOUS FLOW TESTS
As discussed in the previous section, the main drawback of closed test is linked to the 
oxygen pressure, uncontrollable during the experiments. An accelerating exotherm is 
usually accompanied by high-pressure rises. It is of course the pressure and the pressure 
release that ultimately causes the damage, which occurs in a runway reaction. 
Therefore, the maximum pressure increase during the experiment had to be taken into 
account, so that the pressure limit of the equipment is not exceeded. However, the 
prediction of maximum pressure, prior to run the experiment, was mainly hit and miss. 
In many cases the predicted maximum pressure was under estimated, consequently, this 
led to rupture of sample cell and damage to the pressure sensors and guard heaters. 
Furthermore at high pressures when the pressure equalisation system in use, heat losses
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to the system increase as nitrogen flows in and out of the containing pressure vessel, to 
provide the required pressure compensation.
The examples are given here to illustrate the main differences between the two 
configurations i.e. closed and continuous flow. The initialization parameters for Tests 
D20, D21, D22, D23 and D25 are listed in Table 5.19.
The experiments were conducted with oil-D and the relative crushed reservoir rock for 
this reservoir without water for Tests D20 and D21. The water was added to the Tests 
D22, D23 and D25, at initial pressure of 70 bar and initial temperature of 70 °C. After 
temperature and equilibrium had been reached, the adiabatic search mode was selected 
to seek for the onset of exothermic temperature rise of the sample due to reaction. 
Figures 5.50 and 5.54 present the self-heat rate profiles for Tests D23, D25and D20, 
respectively. Experimental results for all tests are summarized in Table 5.20.
Table 5.19: Initialization Parameters For The Tests D20, D21, D22, D23 and D25
Parameter D20 D21 D22&
D23
D25
Sample Cell Mass (g) 26 26 26 26
Sample Cell Type 4A 4A 4A 4A
Oil (gm) 0.60 0.12 0.12 0.12
Oil Type D D D D
Water (gm) 0.00 0.00 0.57 0.57
Rock (gm) 3.22 3.22 3.22 3.22
Oil/Rock Ratio % (gm/gm) 18.56 3.61 3.61 3.61
Oil/Water Ratio %  (gm/gm) 0.2 0.2
Pressure (bar) 70 70 70 70
Air Flow Rate (cc/min) 0 0 0 48
Air flux (m3/m2.hr) 0 0 0 6
Start Temperature (^C) 70 70 70 70
End Temperature CC) 480 480 480 480
Slope Sensitivity (°C/min) 0.02 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5 5
Wait Time (min) 10 10 10 10
Search Time (min) 10 10 10 10
End Searching Temp. (°C) 450 450 450 450
Phi factor 4.4 5.7 3.5 3.5
HLC Device C15 C15 CL5 FL5e
The SHR curves for the closed ARC tests all show a similar behaviour. In Test D20, as 
a typical example for closed tests, definition of the curve started at the temperature 120 
°C where the SHR exceeded the minimum value of 0.020 °C/min. The SHR indicated in
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an approximately exponential manner with temperature up to 180 °C. At this state, the 
test displayed a rapid rise in the SHR reached the maximum value can be recorded 
i.e. 1000 °C/min. During this period, the pressure accelerates continuously from initial 
pressure 70 bar to 103 bar. At this point where the exotherm reaction was too fast, the 
pressure rose to the maximum 133 bar in a very short time by a rate 676 bar/min. Close 
examination of the test data file reveals that at 115 bar (243 °C) the test cell started to 
leak. Post-test examination of the test cell showed that the decomposition by-products 
had corroded a hole of approximately 1.0 mm in the side of the test-cell. It therefore 
appears that the maximum observed pressure o f 115 bar was sustained during leakage 
for short time and the pressure rate may well have exceeded the maximum-recorded 
value o f 676 bar/min.
SHR rates then show a significant drop and the low SHR levels may continue up to 500 
°C maximum temperature of the ARC. Obviously, data beyond 243 °C (when the test 
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Figure 5.54: Self-heat Rate Profile For Test D20
Figure 5.55 shows the experimental data with pressure plotted as a function of 
temperature. Despite of reducing the amount of oil used during D21 test, a sample-cell 
rupture occurred splitting the test-cell extremely violently. A maximum self-heating rate
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of 243°C/min was observed and just before detonation, a pressure rate of 280 bar/min 
was recorded along with a maximum pressure of 103 bar. A maximum temperature of 
208°C was also recorded.
Test D22 a slight leak was observed at the end of experiment at temperature 433 °C and 
maximum pressure recorded 177.6 bar. The leak was occurred in the thermocouple 
connection. The last Test D23 was completely successful in terms of no pressure leaks 
observed in despite of the huge pressure rate experienced. The maximum pressure rate 
was 846 bar/min at temperature 229 °C and the maximum pressure reached at the end of 
the test was 192.8 bar at 480 °C. It is worth mention that the trend of pressure rise in 
the tests with water D22 and D23 experienced steeper pressure rise trend comparing to 
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Figure 5.55: Pressure Versus Temperature For Tests D20, D21, D22, D23 and D25
Flowing tests exhibit the same type of behaviour as the closed tests up to the 
temperature where the closed tests exhibit the rapid rise in SHR (Figure 5.47). The 
pressure stability was noticed in Figures 5.53 and 5.54. At the condition where the 
closed tests show the increase in SHR, flowing tests often exhibit a noticeable less SHR
148
values and depends completely on the air flux used. The maximum self-heat rate for test 
D25 was 172 °C/min at temperature 239 °C. However, during this period, the slight 
variation in the pressure was observed (Figure 5.53). In flowing tests that show this 
behaviour generally, show higher SHR than do the closed tests over the temperature 
range 250-500°C. During the last period, the average SHR was 10°C/min; this value 
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Figure 5.56: Pressure Rate Versus Temperature For Test D25
The initial portion of the SHR curves for both closed and flowing PHI-TECII tests 
represent the exothermic oxidation reactions occurring between oxygen and liquid 
hydrocarbon components. The rapid rise in SHR for the closed reactor tests is believed 
to be due to ignition of the hydrocarbon components in the vapor phase once the 
concentration of the vapor enters the flammable region.
Flowing test continuously vent the vapor phase; hence the hydrocarbon concentration in 
the vapor is not allowed to build up to the concentration levels high enough to yield the 
very rapid jump in the SHR. Energy generation is most probably associated with vapor 
phase reactions in which the flammable components are transferred from the liquid 
hydrocarbon phase. It was also found that in a flowing test the quantity of SHR could be 
controlled by the amount of air supplied. Therefore, it is possible to reduce the huge 
SHR experienced during ignition period and consequently can be sufficiently tracked.
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The reaction kinetics parameters were evaluated for test D20, D23 and D25. Because of 
the activation, energy (E/R) is highly sensitive to the behaviour of self-heating rate 
during the initial period when the self-heating rates occur; it is assumed that the use of a 
single Arrhenius equation would be adequate to obtain the kinetic parameters for this 
period (LTO range). The reaction kinetics for HTO region could not evaluated as this 
region was suffered from oxygen limitation. Wincalc software from Hazard Evaluation 
Laboratory was used to estimate the reaction kinetics parameters from the major SHR 
exotherm. In obtaining a good fit, the emphasis was given to match the following in the 
order listed: dominant ascending slope in the initial stage of the exotherm, peak SHR, 
end-point temperatures and the order of reaction.
-4
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Figure 5.57: Pseudo-Rate Constant Vs Reciprocal Temperature 
For LTO Region (Tests ED21, 23 and D25)
The best fit for all tests was unity (Figure 5.57). The estimated reaction kinetic 
parameters are summarized in Table 20. From the plot above, it was observed that the 
excellent agreement of reaction kinetic parameters obtained from the closed and 
flowing Tests D23 and D25, which both tests were similar conditions. This leads to 
conclude that the reaction kinetic parameters for ignition period concern can be 
correctly determined from either system. It was also noticed that the activation energy 
for Tests D23 and D25, average 190 KJ/mol, were higher than for Test D20 (average
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158 KJ/mol) indicating the effect of increase amount of oil on the reaction parameters. 
Generally, oil D demonstrated favorable exothermic behavior at temperature less than 
250 °C, lower activation energies with low orders of reactions, a condition favorable to 
auto-ignition.
Table 5.20: Summary of Experimental results for Tests D20, D21, D22, D23 and D25
Parameter \  Experiment D 20 D21 D 22 D 23 D 25
LTO HTO LTO HTO LTO HTO
Thermal inertia (<|>) 4.4 5.7 3.5 3.5 3.5 3.5 3.5 3.5
Onset Temperature (C) 121 104 260 111 300 121 259
Final Temperature (C) 267 208 250 - 245 >500 258 >500
Self-heat Rate at onset (C/min) 0.022 0.021 0.031 - 0.023 - 0.027 -
Maximum Self-heat Rate (C/min) 1000 167 - 846 - 157 -
Temperature at Maximum SHR (C) 287 244 - 229 - 231 -
Average SHR (HTO region) (C/min) - - - 0.29 - 0.33 - 12
Reaction Time (min) 642 208 660 750 490 516 282 19
Pmaximum (bar) 115 103 177.6 193 70.3
dP/dTmaximum (bar/min) 676 280 422 846 20
Order o f  Reaction with respect to fuel 1 - - - 1 - 1 -
Activation Energy (KJ/mol) 158 - - - 198 - 195 -
Arrhenius Frequency Factor (1/sec) 1.61E+18 - - - 7.34E+12 - 2.00E+18 -
The pressure information, which gained from closed PHI-TECII, is of great concern in 
reaction engineering, to allow safe vessel design and to calculate vent requirements. 
However, this is outside the scope of this research objective and the interpretation of the 
PHI-TECII data during this study has concentrated on the self-heat rate data and time to 
maximum rate data
In summary, reactivity tests performed with a closed system on different mixtures of 
oil, water, rock and air, evidence that, in a certain range of temperature and oxygen 
partial pressure. LTO and HTO zones are separated by NTGR zone where oxidation 
reactions almost stopped. If oxygen partial pressure is high enough to pass through this 
NTGR, reactions reach the HTO zone. In this context, the closed system can hardly be 
used to select reservoir oil for air injection in a light oil reservoirs, since oxygen partial 
pressure drops, the reactions do not reach the HTO zone. Moreover, the pressure hazard 
associated with exothermic reaction makes the experiments risky, costly and time 
consuming. The equipment is subjected to uncertainty about the anticipated maximum 
pressure to the experiment. The flowing PHI-TECII device has shown to be a good 
solution for overcoming the drawbacks associated with the original closed ARC system, 
mainly because the oxygen pressure kept constant throughout the experiment.
In fact the flowing PHI-TECII presents several advantages when compared to the batch 
mode, including runs performed at representative and constant reservoir pressures,
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flowing system with permanent air supply, and on-line analysis o f the produced gases 
enabling reliable kinetic calculation.
5.8 THE OPTIMISATION OF EXPERIMENTAL CONDITIONS
For the test protocol a start temperature and an end temperature must be specified, 
values for heat steps, wait time and sensitivity (a self- heating rate above which 
exothermic reaction is defined) must be selected. Typically, if  nothing is known of the 
sample, the start and end temperature may be 50 °C and 400 °C, the heat steps 5 °C 
centigrade the wait time 10 minutes and the sensitivity 0.02 °C/min. Therefore, it was 
not difficult to define the experimental conditions perhaps the only difficult decision is 
the amount o f samples and the relative air flux to use. Too little sample will mean too 
small reaction but too large sample may cause plug in to the flow lines or sample cell 
rupture by a spontaneous explosive reactions. The sample mass is important, and this 
was considered with the type o f sample cell being used and the reactivity o f crude oil. 
Work at conditions close to the real reservoir conditions
Accurate results can be obtained only if  the laboratory experiments analogous to the 
real conditions. All the real conditions may be difficult to reproduce at the laboratory 
scale but keep in mind that one must work as close as possible to them. The main real 
oil reservoir conditions were tempted to simulate in the flowing PHI-TECII are:
• Adiabaticity
• Oil/Water/Rock ratios were used similar to the real oil content in the oil 
reservoirs studied.
• Pressure was kept constant during the test and as close as possible to the 
reservoir pressure.
Adiabaticity
By definition, an adiabatic environment is one in which enthalpy is neither lost from, 
nor given to a sample. Therefore, when reactions that cause an enthalpy rise in the 
sample in such an environment (an exothermic event) the heat will be contained within 
the material and its temperature will rise. Adiabatic calorimetry data obtained under the 
correct simulation conditions can, therefore, provide data that may be used directly for a 
real life scenario. However, the adiabatic environment is a theoretical state and in 
laboratory scale testing it cannot be perfectly attained. The errors involved in an 
experiment need to be known (or minimized to a level o f insignificance) and corrected 
for if  data is to be called adiabatic.
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Deviation from adiabatic conditions
A laboratory scale instrument can never perform adiabatic environment and deviations 
from adiabatic are primarily
-  Heat lost (or gained) to the sample cell
-  Heat lost into the sample cell
(1) Heat losses from the container itself to the environment. This reflects the 
‘operational adiabaticity' o f the instrument and is a result o f inherent design limitations. 
The heat loss from the container is a result o f the airflow rate to, and exiting, from the 
sample cell, and from the instrument itself. Employing automatic heat loss 
compensation for the same experiment conditions can minimise this loss. The heat 
compensation required is measured and changed at periodic intervals in order to take 
into account instrument drift, changes to the apparatus itself, and other source o f errors. 
This is discussed in details in section 5.1.
The other source o f errors is due to nitrogen reflux when using an electronic pressure 
equalisation system, resulting normally in heat loss from the sample/container system. 
This error is impossible to be corrected.
Without knowledge o f operational adiabticity, the reliability o f the data produced would 
not be known. Thus in tests it is vital to monitor and know all differences between the 
sample cell and the environment, if  necessary corrections ought to be made.
(2) The thermal inertia o f the calorimetry system or heat lost into the sample container, 
which causes 'thermal dilution'. This deviation is well-known as the phi (<|>) o f the test 
and may be corrected using equation 4-23:
^ = 1 +  Thermal Mass o f Sample Cell 
Thermal Mass o f Sample
The numerator in this equation is the heat absorbing part, and the denominator is the 
heat generating part. Clearly <|>=1 represents a fully adiabatic, zero container mass or 
unlimited sample, mass all-but impossible situation to achieve in the laboratory. In fact 
PHI-TEC II has a capability to use extremely thin-walled test cells so that the thermal 
capacity o f the cell is very small in comparison to that o f the sample. This means that 
exothermic reaction data derived experimentally can be directed scaled to the field 
project. The use o f a thin-walled test cell is made possible by compensating for their 
lack o f strength by an external nitrogen pressure. However, the huge pressure rise 
experienced during the auto-ignition period has eliminated this function. At this point,
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the exothermic reaction was too fast for the PHI-TECII equipment to track and test cell 
is likely to rupture, this will be discussed below. In addition, such instruments utilize a 
pressure equalization system, which means large volume of gas, often at room 
temperature, is added to the calorimeter during the test, a further cause of error in the 
operational adiabaticity of the system.
During the present study, cylindrical (~10 cm3) high-pressure stainless steel test cells 
with a wall thickness of 0.63 mm and a typical weight 26 gm was deliberately selected. 
In this case, no pressure compensation is required, but the thicker walls o f the test cells 
normally increase the Phi-factor to the range of 2 to 5 (depends on the amount of 
reactants).
The equation above indicates that it is possible to vary the amount of reactant to get 
whatever <|) value is needed or to work as close as possible to <j> =1 if the concentration 
of oil is adjusted by a few % to compensate for heat lost into the sample cell. However, 
minimizing one error (e.g. (|>) by going to a large samples will always result in 
increasing the other error, heat lost from sample cell to the surroundings and huge 
pressure rise or plug in to the flow lines. There is a trade-off cannot be overcome. To 
demonstrate the effect of the optimization of experimental conditions on experimental 
results and maintaining adiabaticity, Table 5.21 listed initialization parameters for four 
experiments were carried out at different experimental conditions.
Table 5.21: Initialization Parameters for Tests E7, E8 D59 and D63
P a ra m eter E7 E 8 D 59 D 63
Sample Cell Mass (gm) 26 26 26 26
Sample Cell Type 4A 4A 4A 4A
Oil (gm) 0.19 0.31 0.21 0.21
Oil Type E E D D
Water (gm) 0.50 0.36 0.59 0.59
Rock (gm) 5.93 5.93 5.62 5.62
Oil/Rock Ratio %  (gm/gm) 3.20 5.22 3.72 3.72
Oil/Water Ratio (gm/gm) 0.36 0.86 0.36 0.36
Pressure (bar) 20 20 70 70
Air Flow Rate (cc/min) 120 120 120 16
Air flux (m3/m2.hr) 15 15 15 15
Start Temperature (°C) 100 100 90 90
End Temperature CC) 480 480 480 480
Slope Sensitivity (°C/min) 0.02 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5 5
Wait Time (min) 10 10 10 10
Search Time (min) 10 10 10 10
End Searching Temp. (ttC) 450 450 450 450
Phi factor 2.8 2.9 2.8 2.8
HLC Device FL5c FL5c FL5e FL5e
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The amount of oil/water was varied during the Tests E7 and E8 and the other 
experimental condition were kept identical. In order to check the pressure stability for 
these tests, the pressure and pressure rate may be plotted against temperature. Figures 
5.58, 5.59 show the self-heat rate and pressure rate against temperature for Tests E7 and 
E8 respectively. By comparing the experimental results, Test E7 reveals that the 
pressure stability was achieved during the experiment. However, Test E8 experienced 
plugging at approximately the time that the auto-ignition commenced, this was occurred 
in the backpressure regulator due to escape some liquids from the condenser trap. While 
the plug was quickly alleviated, its occurrence affected the self-heat rate over the 
reminder of the test.
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Figure 5.58: Self-heat Rate and Pressure Rate Plot For Test E7
With a low <(>, higher amount of oil, reliable reaction onset and stability data may be 
obtained together with information important to real reservoir situations. Also good 
Time to Maximum Rate data will be obtained. However, the full reaction may not be 
followed because maximum self-heat rates may exceed the maximum tracking 
capability of the calorimeter itself and causes pressure hazards. It is clear from the 
Figures 5.59 and 5.60 that increasing the amount of oil (lower (|> factor) caused a partial 
plug in the flow line.
At a higher <)>, however, the reaction may be followed through its entirety, and high 
quality thermodynamic data will be obtained, Figure 5.58 above. However, larger
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correction will be needed, onset of self-heating is likely to be at a higher temperature 
and pressure data will be reduced in magnitude.
Before carrying out an exothermicity experiment with an adiabatic calorimeter, 
therefore, the reactivity of the oil sample should be assessed. In addition, an 
understanding of what are the most important requirements from the test data must be 
agreed. This will be lead to proper selection of experimental conditions and the 
versatility of the PHI-TEC II can be exploited. It is therefore very important and useful 
to be able to vary <J> over a reasonable range for particular oil sample.
After series of tests, as the volume of sample cell is 10 ml, 0.72 ml was chosen 
deliberately to representative 100% oil saturation (maximum amount of oil in the 
sample cell) in the sand pack and it gives a volumetric ratio of 7% oil at atmospheric 
pressure. This was chosen in order to minimize the hazard of pressure rise and based on 
the maximum airflow rate can be supplied to maintain excess of oxygen during the 
course of test. This is discussed below.
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Figure 5.59: Adiabatic Temperature and Figure 5.60: Self-heat Rate and Pressure 














Several air flow rates 16, 32, 48, 120, 240 cc/min were used during this study for two 
reasons; in order to investigate the effect of air flux on exothermicity characteristics, 
this will be discussed in chapter 6, and also to estimate the optimum air flow rate at 
given amount of oil to maintain oxygen flux in excess. In some experiments, the air flux 
had to be increased to deplete the oil and end of the test before reaching the maximum 
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Figure 5.61: Self-heat Rate Profile For Tests D59 and D63
In order to illustrate the effect of air flux on adiabaticity, two different air injection rates 
were tested, namely, Test D59 (15 m3/m2.hr) and Test D63 (2 m3/m2.hr). The 
experimental results are shown in Figure 5.61. The figure shows that there is a huge 
increase in self-heat rates as the air injection is increased from 16 ml/min to 120 
ml/min. The higher air flux produces a higher self-heat rates for both regions i.e. LTO 
& HTO. Test D59, the PHI-TECII processor encountered difficulties in logging data 
and could not adhere to the required data temperature step. With design limits set at 
tracking temperature rates of ~200 °C/min the maximum self-heat rate detected during 
the test was in the region of 900 °C/min and data suggests a loss adiabaticity during the 
most important stages of the exotherm (see section 5.7). To reduce the magnitude of the
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detected self-heat rates, the test was repeated under conditions o f lower air flux i.e. 
identical test conditions were employed except for the airflow rate. With decreasing air, 
flux the resulting self-heat rate data did not exceed the collection abilities o f the PHI- 
TECII processor and the required data temperature step was maintained. In addition, the 
systems temperature tracking ability was not exceeded. The maximum self-heat rate o f 
the higher air flux cannot be valid.
In summary, the scaling requirement that ties together results from the PHI-TEC II and 
the field project is that the <]> factor o f each system is o f the same order o f magnitude. 
For the PHI-TECII, as discussed above, the <|> factor in the range o f 2-3 and it is 
impossible to approach <|> =one. However, the <|>=1 is the real situation for oil reservoir 
where the mass o f sample cell equal to zero and infinite oil reservoir volume, therefore, 
the perfect adiabatic condition is obtained. These leads to conclude that the values 
obtained in the laboratory work such as exotherm reaction onset, autoignition 
temperature, enthalpy etc. are underestimated. This means that the exotherm onset and 
spontaneous ignition determined in the laboratory could be lower in the real reservoir 
conditions.
Finally, the experimental standard was chosen to be 0.22 ml o f oil and the respective 
airflow rate 120 cc/min at atmospheric pressure. This flow rate is deemed high enough 
to ensure that the sample is always in a fresh air, i.e., constant oxygen partial pressure 
and the oil is normally depleted before reaching the maximum shut off temperature. 
This experimental set enables that the reaction kinetics and amount o f heat evolved 
during combustion region to be accurately determined.
The amount o f rock and water can be varied depends on the ratios o f theses in the real 
reservoir conditions.
5.7 VERIFICATION OF EQUIPMENT PERFORMANCE
The reproducibility o f the experiments was considered one o f the major concerns and a 
number o f experiments were repeated to investigate the accuracy o f the self-heat rate 
data. The results o f two continuous flow experiments D39 & D40 conducted under 












Table 5.22: Initialization Parameters For The Tests D39 and D40
Parameter D39 D40
Sample Cell Mass (g) 26 26
Sample Cell Type 4A 4A
Oil (gm) 0.60 0.60
Oil Type D D
Water (gm) 0.00 0.00
Rock (gm) 3.22 3.22
Oil/Rock Ratio %  (gm/gm) 18.56 18.56
Oil/Water Ratio % (gm/gm) - -
Pressure (bar) 50 50
Air Flow Rate (CC/min) 48 48
Air flux (m3/m  .hr) 6 6
Start Temperature (^C) 60 60
End Temperature CC) 480 480
Slope Sensitivity (°C/min) 0.02 0.02
Heat step Temperature (°C) 5 5
Wait Time (min) 10 10
Search Time (min) 10 10
End Searching Temp. (°C) 450 450
Phi factor 4.4 4.4
HLC Device FLlc FLlc
500
T e m p e ra tu r e  E x p e r im e n t D 39 
T e m p e ra tu r e  E x p e r im e n t D 40 
P re s s u re  E x p e r im e n t D 39 
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Figure 5.62: Adiabatic Temperature Profile 
For Tests D39 and D40
Figure 5.63: Self-heat Rate Profile 
For Test D39 and D40
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Figure 5.62 shows the adiabatic temperature rise against time for both tests while Figure 
5.63 shows the self-heat rate profiles. These runs show an excellent agreement over the 
majority of temperature range shown. The detection temperature and exotherm reaction 
temperature agree to within +/-5 °C. The greatest discrepancy between the two runs 
unsurprisingly was the highest of the low temperature peak. It was found that this was 
due to the sudden nature of the peak (formed in under few seconds).
Figures 5.64 and 5.65 present the best fit for LTO region for both tests. Shown in Table 
5.23 are the heat of reaction and kinetic parameters computed for each experiment. 
These experimental results of the heat of reaction and reaction kinetics for test D39 are 
compared to those from the D40 measurements. A very good agreement was obtained 
between the two experiments.
Table 5.23: Summary of Experimental Results For The Tests D39 and D40
Parameter \ Experiment D39 D40
LTO HTO LTO HTO
Thermal inertia (<|>) 4.4 4.4 4.4 4.4
Onset Temperature (°C) 75 248 78 249
Final Temperature (X ) 245 500 244 500
Self-heat Rate at onset (°C/min) 0.15 - 0.12
Maximum Self-heat Rate (°C/min) 176 - 848 -
Temperature at Maximum SHR (°C) 217 - 225 -
Average SHR (HTO region) (°C/min) - 8.72 - 10.23
Reaction Time (min) 456 20 460 17
(<|>)-Corrected Heat O f Reaction (J) 2793 >4067 2830 >3982
Order o f  Reaction with respect to fuel 1 - 1 -
Activation Energy (KJ/mol) 161 - 149 -
Arrhenius Frequency Factor (1/sec) 2.50E+14 - 5.50E+12 -
Generally, good agreement was always obtained in case of reasonable values produced 
during the experiments (in the range of tracking limit). However, the disagreement was 
occurred in some experimental results where a too high or very low phi factor was used 
(based on the amount of oil in the sample cell). The discrepancy is believed to be due to 
self-heat rates either too slow or too fast to be measured accurately. If  the rates are very 
slow, minor calorimetric instability will effect of the measurements in both rates and the 
adiabatic temperature rise. If the rates are too fast for the calorimeter to follow, loss of 
adiabaticity in the calorimetric is expected, resulting in a loss of the reaction heat 
distributed in the sample cell to its surroundings. Therefore the experimental self-heat
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rate and the heat of reaction will be less than those obtained under adiabatic more 
conditions.
-8.5- -8.5 ■E =  161 KJ/mol 
A =2.5 E14 
n =1.0
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CHAPTER 6
FACTORS AFFECTING EXOTHERMICITY 
CHARACTERISTICS OF CRUDE OIL
&
OIL SELECTION FOR LOAI PROCESS
The improvement in recovery o f light oil by high-pressure air injection (HPAI) involves 
a combination o f complex processes, each contributing to the overall recovery. One o f  
such process is the spontaneous oil ignition o f air-oil mixture with complete oxygen 
utilization. The process generates flue gases, which are in contact with the reservoir oil 
at the displacement front. The reservoir conditions (temperature and pressure) and 
physical properties (rock and fluid properties) play a major role in the efficiency o f the 
air injection process. Heat loss or dissipation through the reservoir is a major cause o f  
spontaneous ignition not occurring upon air injection. This is affected by several 
reservoir properties including heat capacity o f rock, heterogeneity, porosity, oil layer 
thickness, possibility o f channeling and fingering. In addition, oil API gravity, oil 
and/or water saturation has a great impact on the process efficiency and economy.
To address some o f these issues a comprehensive laboratory study was conducted on 
the reactivity and exotherimicity characteristics o f five North Sea Light oils, Australian 
light oil and Medium Heavy oil. It studied in terms o f adiabatic temperature behavior, 
self-heat rate, reaction time, oxygen utilization and combustion parameters, starting 
from the initial reservoir temperature, and investigating the effect o f different physical 
parameters on exothermicity and oxidation reaction behavior. These effects can be 
related to reservoir field conditions and used to judge the suitability o f air injection.
6.1 CORE MATERIAL
A number o f studies have been previously conducted into the effect o f different types of 
reservoir rock on the oxidation o f crude oil. Some researchers have stated that the most 
important factor affecting fuel deposition is the surface area o f the rock matrix material 
rather than the catalytic effect o f clay and other materials exist in the reservoir rock. 
Therefore, a number o f runs were conducted D40, D43 and D46 for two reasons; firstly 
in order to investigate the degree o f both effects surface area and the catalytic o f  
reservoir rocks on exothermicity characteristics o f oxidation reaction o f light oils. The 
second reason was to see if  the effect o f sand and lithology could be studied using the 
flowing PHI-TECII.
1. Effect of Surface Area
Experiments D43 oil alone and D46 oil with Bucklandsand was run to investigate the 
effect o f rock (surface area) on the kinetics and exothermicity behaviour. Washed 
Buckland sand is used in an experiment for several reasons. This industrial grade sand
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consisted of 97-99% silica, and trace of iron, titanium, chromium, with other metals 
with a very fine particle size of W 150, and a clay content of 0%. It could therefore be 
used to see if the surface area effect is more important than any catalytic effect arising 
from the chemical nature of the material in the crushed reservoir rock. The initialisation 
parameters for the experiments D43 (oil alone) and D46 with silica are shown in Table 
6.1.
Table 6.1: Initialization Parameters For The Test D43, D46 and D40
Parameter D43 D46 D40
Sample Cell Mass (g) 26 26 26
Sample Cell Type 4A 4A 4A
Oil (gm) 0.72 0.72 0.72
Oil Type D D D
Water (gm) 0.00 0.00 0.00
Rock (gm) 0.00 3.22 3.22
Rock Type - Silica Crushed Res. Rock D
Oil/Rock Ratio % (gm/gm) - 3.12 3.12
Oil/Water Ratio % (gm/gm) - - -
Pressure (bar) 50 50 50
Air Flow Rate (cc/min) 48 48 48
Air flux (m3/m2.hr) 6 6 6
Start Temperature (^C) 60 60 60
End Temperature CC) 480 480 480
Slope Sensitivity (°C/min) 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5
Wait Time (min) 10 10 10
Search Time (min) 10 10 10
End Searching Temp. (°C) 450 450 450
Phi factor 11.2 4.4 4.4
HLC Device FL lc FLlc FLlc
The adiabatic temperature profile, self-heat rate plot and reaction rate constant for the 
experiments D43 and D46 are shown in Figures 6.1-3. The exothermicity parameters 
obtained including the onset of reaction, reaction time and energy evolved are shown in 
Table 6.2. This Table presents the heat-evolved values calculated for crude oil (Test 
D43); it is significantly lower during HTO region than those calculated for crude 
oil/silica (Test D46) run. This is consistent with earlier observations in the literature that 
the enhancement effect of surface area on exothermicity characteristics. The kinetic 
parameters and exotherms obtained with the oil alone and that acquired in the presence 
of silica were also compared and discussed below.
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Figure 6.1 shows that the exotherm reaction onset was detected at 84 °C and 102 °C for 
Tests D43 and D46, respectively. It appeared that the exotherm onset was delayed in the 
presence of silica this could be due to thermal capacity of the rock. This would lead to 
its absorption of some of the heat formed in the reactions, hence slowing down the 
reaction rates till it reached the higher temperatures where it actually catalyses the 
reaction. Indeed, in the Test D43, it can be seen that there is an increase in the reaction 
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Figure 6.1: Adiabatic Temperature and Pressure Profile For Tests D43 & D46
Inspection of Figure 6.1 shows that the presence of silica lowered the ignition 
temperature confirming its impact on oxygen uptake. The auto-ignition temperature was 
lowered from 222 °C in Test D 43 to 198 °C for the Test D46.
Figure 6.2 shows that the self-heat rate is reduced with silica relative to the oil alone,
while the LTO region shifts to the lower temperature range in the existence of silica.
The maximum self-heat rates and auto-ignition temperature was shifted to the left side
about 50 °C, as shown in Figure 6.2 below. This confirms that the surface area produces
a shift in the heat released from a high temperature range to a lower temperature range.
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Figure 6.2: Self-heat Rate Profile For Test D43 & D46
Table 6.2 shows more energy evolved during HTO (ELTO) region than HTO region in 
the existence of silica. This confirms that the presence of silica has shifted the HTO 
region to the lower temperatures and consequently the EHTO/ELTO ratios were 0.76 
and 1.37 for Tests D43 and D46, respectively, which is higher in the presence of the 
silica.
Estimation of the reaction kinetic parameters was made for LTO region and the results 
are presented in Table 6.2 and Figure 6.3. Clearly addition of silica (increase in surface 
area) causes a slight reduction in the activation energy and pre-exponential factor. It 
would be expected that the pre-exponential factor would be very strongly affected by 
the surface area of the rock.
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Figure 6.3: Pseudo-Rate Constant Vs Reciprocal Temperature 
For LTO Region (Tests D43 and D46)
From the experiments above it can be concluded that addition of solid surface to the 
crude oil causes an enhancement to exotherm trend, which shifts a large amount of heat 
produced in the higher temperature levels to the lower temperature ranges. The presence 
of silica also increases the reaction rate during LTO region. Therefore, it is evident that 
crude oil combustion is influenced not only by clays and reservoir rock materials, as can 
be seen below, but by any granular material with high specific area. This observation is 
agreed with most previous researchers. Vossoughi et al. (1985) demonstrated the effect 
of sand grain specific surface area on the in-situ combustion process in the absence o f 
clay. They performed a series of in-situ combustion tube runs with sand grains of 
different specific surface areas. The runs with sand grains of low specific surface areas 
did not sustain, while those of high specific areas produced strong self-sustained 
combustion fronts. Drici and Vossoughi (1985) studied the effect o f sand-grain surface 
area on crude oil combustion by performing a thermal analysis of crude oil combustion 
in the presence of silica and alumina with a wide range of specific area. He reported a 
very strong surface area effect on LTO, with an increase in the LTO peak occurring 
with increasing surface area. Addition of the solid surface to the crude oil causes a shift 
o f a large amount of the heat produced in the high temperature to the lower temperature 
levels. A reduction in the activation energy was observed after addition of the solid
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surface area to the crude oil. Hughes et al. (1987) correlated the extent o f LTO with 
increased surface area o f the sands and found that the peak burning temperature is 
reduced as the sand surface area is increased. These result was attributed to more fuel 
was deposited in the form of coke as the surface area was increased. This results in 
earlier onset o f coke burning reaction leading to a lower peak combustion temperature. 
Hughes also reported that the increase in surface area o f the sand matrix causes a 
substantial reduction in the activation energy for the coke combustion reaction. Ren et 
al. (1998) observed that the presence o f reservoir core increased the LTO reaction rate.
2. Effect of Crushed Reservoir Core
Similar sand grain size was used in the present investigation to that used in the previous 
test D46 in order to eliminate the different effects o f surface area and to study the 
catalytic effect o f the original crushed reservoir rock material. All other variables were 
kept constant including the weight percent o f oil on the sample. The initiation 
parameters for Tests D43, D46 and D40 are shown in Table 6.1 in the previous section. 
The various exothermicity parameters including the self-heat rate ratios, reaction times 
and energy evolved and the reaction parameters are shown in Table 6.2. An inspection 
o f the data obtained appeared that the crushed reservoir core seems to be causing an 
acceleration o f both regions high and low temperature regions, for reasons similar to 
those discussed for oil and silica test, which mainly through increasing surface area. 
Further enhancement to the exothermicity characteristics were seen in case o f crushed 
reservoir rock, this could be through catalytic effect.
The adiabatic temperature profile o f experiment D40 (with crushed reservoir rock) is 
compared with Tests D43 (oil alone) and D46 (with silica) and this is shown in Figure 
6.4. For reactions in the low temperature range, the onset temperature o f the exotherms 
remained unchanged and similar to the oil alone test but detected at lower temperature 
compared to the test with silica. However, the time required to reach the experimental 
maximum self-heat rate for Test D40 was 460 minutes compared to 554 minutes in the 
Test D46 and 641 minutes in the Test D43. This implies that the reaction rate was 
accelerated in the presence o f crushed reservoir rock compared to the other 
experiments. Consequently, the auto-ignition temperature was caused at lower 
temperature in the Test D40. The auto-ignition temperature for Tests D40, D46 and D43 
were 179 °C, 198 °C and 218 °C, respectively. Increased surface area due to the
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presence of the core may be responsible, at least to some extent, for the changes in 
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Figure 6.4: Adiabatic Temperature and Pressure Profile For Tests D43, D46 & D40
The relative impact of the core material becomes obvious when one compares the SHR 
profiles for Tests D43 and D46 to D40, shown in Figure 6.5. Tests D43 and D46 show 
the SHR during the oil-only and oil with silica, whereas Test D40 presents SHR for oil 
and crushed reservoir core. The oil in the presence of the crushed core shows behavior 
similar to that of the oil alone and with silica with the same two regions. As mentioned 
above, the onset temperature started at similar temperature to the Test D40 but the low 
temperature reaction region has considerably shifted to a lower temperature range and 
the rate of heat evolved intensified in the presence of the core (higher SHR values). The 
rate of high temperature oxidation region appears unaffected by the crushed core (based 
on unchanged self-heat rate values) and the corresponding heat generation increased 
only slightly but this could be due to air rate limitation. To study the exact influence on 
the self-heat rate values, this may require another set of experiments with an excess of 
air during HTO region (high air flux and less amount of oil). On the other hand, the low 
temperature reactions revealed rate enhancement accompanied by a near doubling in the
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self-heat rate values. It appears as though the presence of the core must enhance some 
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Figure 6.5: Self-heat Rate Profile for Test D43, D46 & D40
It seemed that the contributions to heat evolved from the combination of both 
possibilities (surface area and catalytic effect) and have a responsibility for the change 
in reactivity in the low temperature range. Indeed, this observation was confirmed by 
comparing the self-heat rate profiles for Tests D40 and D46. For reactions in the high 
temperature range, the average self-heat rate values remained unchanged but the onset 
temperature of the exotherm was detected at lower temperature and the heat evolved 
during the low temperature range were enhanced in the presence of crushed reservoir 
core. A comparison between analogous regions of higher temperature reactions 
(combustion region) shows not much difference in overall reactivity for all tests (similar 
average self-heat rate values), yet rates of reaction have been enhanced (as indicated by 
low temperature and earlier start for HTO region in the presence o f crushed reservoir 
rock). It is possible that some of the high temperature oxidation reactions have been 
accelerated to such degree that they are occurring within the same temperature zone as 
the low temperature oxidation reactions, adding their heat to the total evolution in that
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zone. This observation was confirmed by comparing the EHTO/ELTO ratio for all tests. 
The EHTO/ELTO ratios were 1.41, 1.37 and 0.76 for Tests D40, D46 and D43, 
respectively, which is highest in the presence of the crushed reservoir rock.
The presence of crushed reservoir rock material resulted a strong exothermic response 
at relatively low temperatures and this affected the reaction kinetic parameters (Figure 
6.6). A uniform trend of decreasing activation energies as well as the Arrhenius 
constant by addition of crushed reservoir rock compared to oil alone and with silica. 
Test D40 demonstrated favorable exothermic behavior at temperatures less than 250 °C. 
It needed lowest activation energy (149 kJ/mole) with lower orders of reactions. These 
typical conditions are favorable to auto-ignition phenomenon (Fassihi et al., 1984; 
Moore et al., 2001).
Comparing results obtained from D40 and D46, it shows that the activation energy was 
decreased by 8 % and the pre-exponential factor by about 86% when the crushed 
reservoir rock was used in the experiment D40. Similar trend again was observed 
comparing Test D40 and Test D43, the activation energy and pre-exponential factor 
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Figure 6.6: Pseudo-Rate Constant Vs Reciprocal Temperature 
For LTO Region (Tests D43, D46 & D40)
These tests approved that the relative impact of crushed reservoir core material not only
that afforded improved mass transfer due to greater surface contact area but also
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through some sort of catalytic effects. It produces a shift in the heat released from a 
high temperature range to a lower temperature rang.
Table 6.2: Summary of Experimental results For The Tests D43, D46 and D40
Parameter \ Experiment D43 D 46 D 40
LTO HTO LTO HTO LTO HTO
Thermal inertia (<(>) 11.2 11.2 4.4 4.4 4.4 4.4
Onset Temperature (C) 84 309 102 262 78 249
Final Temperature (C) 308 >500 261 >500 244 >500
Self-heat Rate at onset (C/min) 0.112 - 0.025 - 0.12
Auto-ignition Temperature (C) 218 - 198 - 179
Maximum Self-heat Rate (C/min) 572 - 201 - 848
Temperature at Maximum SHR (C) 272 - 224 - 225
Average SHR (HTO region) (C/min) - 10 - 10 - 10.2
Reaction Time (min) 641 17 554 21 460 15
(<t>)-Corrected Heat Of Reaction (J) 3236 >2459 2692 >3707 2830 >3982
Order o f Reaction with respect to fuel 1 - 1 - 1 -
Activation Energy (KJ/mol) 175 - 161 - 149 -
Arrhenius Frequency Factor (1/sec) 1.50E+14 - 4.70E+13 - 5.50E+12 -
The experimental results on the impact of native reservoir cores on exothermicity and
oxidation reactions of crude oil are in agreement with the observation reported in the
literature using different experimental techniques. Several researchers project have been
conducted using clean, graded sand as the packing material rather than native core
material. This type of packing always gives a much lower fuel deposition. In some
cases, difficulty in sustaining the combustion was noticed when sand packs were used
(Voussoughi et al., 1985). Fassihi et al. (1984) conducted several experiments using oil
mixed with sand and the original core from Jobo field in Venezuela and from Lynch
Canyon field in California. They found that the molar CO2/CO ratio was higher for the
original core than that of the runs using sand mixtures. They also reported lower
activation energy for the combustion reactions in the original core than in the sand.
Numerous studies have been carried out to investigate how the clay fractions present in
reservoir rock affect the amount and reactivity of fuel deposited for oxidation, under In-
situ combustion (Burger and Shaquat, 1972; Voussoughi et al., 1982; Fassihi et al.,
1984). It has been shown using differential scanning calorimeter (DSC) and
thermogravimetric analysis (TGA) that the presence of clay in the reservoir rock
enhances the fuel deposition and the oxidation. Drici and Voussoughi (1985) attributed
this to the high surface area of clay. Vossoughi et al. (1985) observed a reduction in the
activation energy of the crude oil combustion as result of adding clay to the crude
oil/sand mixture. Fassihi et al. (1984) and Ranjbar (1991) reported that activation
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energy and Arrhenius constant values decrease with an increase in the clay content, as 
well as increasing combustion heat evolution.
Bousaid and Ramey (1968) pointed out that the catalytic effect o f clays in reservoir rock 
was significant in crude oil combustion. He observed that adding 20% clay to the sand 
mixture caused a 10% reduction in the activation energy o f the combustion reactions. 
This difference was attributed to the presence o f metallic additives and clay in the 
natural reservoir matrix. Metals are well known for their catalytic potential in both 
hydrocarbon cracking and oxidation reactions. Fassihi et al. (1984) observed a catalytic 
effect from the addition o f metallic additives such as copper, nickel, vanadium and iron. 
Kok (1997) observed that limestone significantly enhances the LTO and reduces the 
overall heat o f combustion compared to that o f the crude oil on its own. Investigations 
into the effect o f limestone on the oxidation o f heavy oils by Bagci et al. (1987) showed 
that the activation energies obtained were not different for LTO and fuel deposition 
stages run using sandstone. It was however seen that using limestone, the HTO reaction 
had an activation energy that was twice that obtained using sandstone.
In summary, from the experiments results discussed in this section and the literature 
survey, it is concluded that it would be not easy to know the main source o f catalyst in 
the material exist in the reservoir rock. Therefore, the kinetic and displacement studies 
should be determined for crude oil in its relative original matrix rather than using other 
types o f sand. Another important conclusion can be made here is that these results 
confirm that the flowing PHI-TECII can be used to study the effect o f lithology and 
different reservoir rocks on exothermicity characteristics.
6.2 OIL SATURATION
The amount o f oil reacted in the sample cell was varied to see the effect o f this has on 
the exothermicity behavior and kinetics while the amount o f water and crushed 
reservoir rock remained unchanged. This parameter can be directly related to the oil 
saturation, which is one o f the parameters differing in oil reservoirs. It is important to 
see what impact if  any it exerts on the kinetics o f oil oxidation. In terms o f the sample 
cell experiments, differing oil saturation in the reservoir would imply a differing 
amount o f oxygen reacting with a unit amount o f reservoir. Experiments were carried 
out to investigate this are listed in Table 6.3. All three runs involved light oil D and air 
flux 6 m3 (ST)/m2.h at a constant total pressure 70 bar, which was maintained over the 
total duration o f the test. Initial oil concentrations for Tests D54, D49 and D50 were
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0.03, 0.07 and 0.21 grams respectively. The corresponding water concentration and 
amount of crushed reservoir rock was kept unchanged during these set of experiments. 
Stoichiometry requirements have to be met for full oxidation to take place. Accordingly 
reducing the amount of oil in the test cell would reduce the amount of oxygen required 
for reaction. Graphs showing the data obtained from the experiments and the resulting 
analyzed data, as described in chapter 4, are shown in Figures 6.7-9 while Table 6.4 
summarizes the exothermicity and reaction kinetic parameters.
Table 6.3: Initialization Parameters for the Tests D54, D49 & D50
Parameter D54 D49 D50
Sample Cell Mass (gm) 26 26 26
Sample Cell Type 4A 4A 4A
Oil (gm) 0.03 0.07 0.21
Oil Type D D D
Water (gm) 0.59 0.59 0.59
Rock (gm) 5.62 5.62 5.62
Oil/Rock Ratio % (gm/gm) 0.62 1.24 3.72
Oil/Water Ratio (gm/gm) 0.06 0.12 0.36
Pressure (bar) 50 50 50
Air Flow Rate (cc/min) 48 48 48
Air flux (mVm2.hr) 6 6 6
Start Temperature f°C) 70 70 70
End Temperature ( C) 480 480 480
Slope Sensitivity (^C/min) 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5
Wait Time (min) 10 10 10
Search Time (min) 10 10 10
End Searching Temp. (°C) 450 450 450
Phi factor 2.9 2.8 2.8
HLC Device FL2c FL2c FL2c
From the plot of the adiabatic temperature rise over time for tests D50, D49 and D54 a 
reaction exotherm is seen to start at a temperature of 128 °C, 148 °C and 187 °C, 
respectively, this is shown in Figure 6.7. Obviously, the onset of reaction was detected 
at higher temperature in the experiment with lower amount of oil. Concurrently with 
this delay in the onset of reaction, there was also an increase in the reaction times for 
the LTO region when comparing Test D50 and Test D49, implying a faster reaction in 
case o f existence of higher amount of oil. Furthermore, The maximum temperature was 
also reduced from >500 °C in Test D50 to 441 °C in Test D49 and 245 °C in the Test 
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Figure 6.7: Adiabatic Temperature and Pressure Profile for Tests D50, D49 & D54
The difference can be seen clearly by comparing the self-heat rate profiles for 
experiments D50, D49 and D54, where the only difference is the amount of oil reacted. 
There is a clear reduction of self-heat rate values due to the decrease of amount of oil. 
The maximum self-heat rate was reduced from 371 °C/min in Test D50 to 70.8 °C/min 
in test D49 and further reduced to just as low as 1.0 °C/min in Test D54. The respective 
maximum SHR value ratios for Tests D50/D49 and D50/D49 were therefore 5.24 and 
371 times, respectively. As mentioned above the HTO region was also strongly affected 
by the amount of oil available in the sample cell and consequently the maximum 
temperature for the test. The Tests D49 and D54 were died earlier than the Test D50. 
This is clear evidence that the fuel availability for combustion region was dependent on 
the amount of oil exist in the sample cell.
Table 6.4 shows a reduction in energy evolved during LTO (ELTO) and energy evolved 
during HTO (EHTO) regions in the experiments with lower oil contents. The ratio of 
the energy evolution in Tests D50 and D49 were 1.38 and 1.25 for LTO and HTO 
regions, respectively. Actually, the EHTO ratio could be much higher as the maximum 
temperature was not reached for Test D50 due to the limitation of the equipment. 
Similar trend was observed from the other experiment set, the ratios of energy evolved 
in Tests D50 and D54 were 2.1 for LTO and the HTO region in the Test D54 does not
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exist. Hence, it is clear from these comparisons that the ELTO and EHTO were reduced 
substantially with decreasing the amount of oil in the sample cell.
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Figure 6.8: Self-heat Rate Profile for Test D50, D49 & D54
As the Arrhenius kinetic parameters are a direct function of the self-heat rate values, 
comparatively analyzing them again should not yield different trends from that of the 
exothermicity. An inspection of the ratios obtained in Table 6.4 reveals that the reaction 
kinetic parameters for LTO region obtained for Tests D49 and D50 are almost identical 
(Figure 6.9). However, the reaction kinetic parameters for Test D54, the lowest amount 
of oil in the test, could not be evaluated, as the self-heat rate values were too small to be 
analyzed.
Table 6.4: Summary of Experimental results For the Tests D50, D49 and D54
Parameter \ Experiment D50 D49 D54
LTO HTO LTO HTO LTO
Thermal inertia ((j>) 2.8 2.8 2.8 2.8 2.9
Onset Temperature (°C) 128 245 148 235 187
Final Temperature (°C) 244 >480 234 441 245
Self-heat Rate at onset (°C/min) 0.0431 - 0.025 0.027
Maximum Self-heat Rate (°C/min) 371 - 70.8 - 1.08
Temperature at Maximum SHR (°C) - - - - -
Experimental Time to Maximum Rate (min) 218 - - - -
Average SHR (HTO region) (°C/min) - 10.03 - 10.15
Total Reaction Time (min) - - - - -
((b)-Corrected Heat O f Reaction (J) 2377 5246 1716 4180 1147
Order o f  Reaction with respect to fuel 1 - 1 - -
Activation Energy (kJ/mol) 149 - 147 - -
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Figure 6.9: Pseudo-Rate Constant Vs Reciprocal Temperature 
For LTO Region (Tests D49 & D50)
Briefly, self-ignition temperature was affected by the amount of oil available in the test 
cell and the onset of reaction was delayed considerably with lower amount of oil. For 
the higher amount of oil examined, the self-heating rate values were greater at higher 
amount of oil, smooth continuity between LTO & HTO was observed and the fuel 
loaded were excellent to sustain combustion. Another important implication of this is 
that there might again be minimum oil saturation where the negative temperature 
gradient region (NTGR) is strong enough to stop the reaction going from LTO to HTO. 
This was seen in the Test D54 where the combustion reactions could not be sustained 
due to shortage of fuel. This means that spontaneous ignition and transition (auto­
ignition) to in-situ combustion will not achieved at reservoir conditions. In addition, 
even if the process were ignited artificially, it would not sustain the combustion front 
and not reach a higher temperature.
Previous studies have found some effect due to the initial oil saturation. Alexander et al. 
(1962) found that the fuel deposition decreased when the initial oil saturation reduced. 
Thus, whenever possible, laboratory evaluations should be conducted on oil/water/rock 
combination similar to that in the real reservoir. The effect of the amount of water and 
rock was also investigated and discussed in the subsequent sections.
176
6.3 WATER SATURATION
A large amount of water is present in post water-flooded reservoirs, with some 
reservoirs having very high water saturation. Therefore, a part of the investigation was 
to examine the influence of water on the exothermicity characteristics of the oxidation 
trend of light oils.
The initialization parameters for two sets of experiments used to compare this effect are 
shown in Table 6.5. The oil D was used in the Tests D27 and D25 while the oil E was 
used for tests E5 and E6. The comparison was carried out between the Tests D27 and 
D25, and between Tests E5 and E6.
As shown in the Table below, the initial amounts of oil in the samples were: 0.12 gm 
(Runs D25 and D27) and 0.19 gm (Runs E5 and E6). The initial amounts of water were 
0.57 and 0.50 CC for Runs D25 and E6 respectively, while the Runs D27 and E5 were 
carried without water. The respective oil/water ratio for tests D25 and E6 were 0.21 and 
0.37 respectively.
Table 6.5: Initialization Parameters for the Tests D27, D25, E5 and E6
Parameter D27 D25 E5 E6
Sample Cell Mass (gm) 26 26 26 26
Sample Cell Type 4A 4A 4A 4A
Oil (gm) 0.12 0.12 0.19 0.19
Oil Type D D E E
Water (gm) 0.00 0.57 0.00 0.50
Rock (gm) 3.22 3.22 5.93 5.93
Oil/Rock Ratio % (gm/gm) 3.61 3.61 3.12 3.12
Oil/Water Ratio (gm/gm) - 0.21 - 0.37
Pressure (bar) 70 70 70 70
Air Flow Rate (cc/min) 48 48 120 120
Air flux (m5/m5.hr) 6 6 15 15
Start Temperature (°C) 90 90 100 100
End Temperature ( C) 480 480 480 480
Slope Sensitivity (°C/min) 0.02 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5 5
Wait Time (min) 10 10 10 10
Search Time (min) 10 10 10 10
End Searching Temp. (°C) 450 450 450 450
Phi factor 5.7 3.5 3.6 2.8
HLC Device F L lc FL lc FL5e FL5e
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The adiabatic temperature profile of experiment D27 (without water) is compared with 
experiment D25 (with water), and this is shown in Figure 6.10. This illustrates a slight 
retarding effect of water on the reaction in Test D25 compared to how the reaction 
occurred in Test D27 especially in the LTO region therefore they produce longer 
reaction time to reach same temperature. The onset of reaction was detected at 109 °C 
in Test D27 while was detected at higher temperature 121 °C in the experiment with 
water and the auto-ignition temperature was delayed from 162 °C without water to 177 
°C in the present of water.
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Figure 6.10: Adiabatic Temperature Profile for Tests D27 and D25
This confirmed by comparing the experimental results obtained from Tests E5 without 
water and E6 with water in Figure 6.11. This clearly shows the retarding effect of water 
on the reaction in Test E6 compared to how reaction occurred in Test E5. The onset of 
reaction was slightly delayed from 109 °C to 115 °C and auto-ignition delayed from 176 
°C to 188 °C. The time required to reach the experimental maximum self-heat rate was 
183 minutes in the Test E5 compared to 332 minutes for the Test E6, which is longer in 
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Figure 6.11: Adiabatic Temperature Profile for Tests E5 and E6
The self-heat rate profile for the Test D27 (without water) is compared with Test D25 
(with water), in Figure 6.12 below. The plot shows a slight difference between the self­
heat rates and the only apparent effect of water is the delay in auto-ignition temperature. 
This is confirmed again by comparing experiments E5 and E6, in Table 6.6, where the 
only difference is the additional water and shows the effect of water on the 
exothermicity. The reaction rate is slowed substantially in all the reaction stages. Figure 
6.13 presents the comparison between the self-heat rates for Tests E5 (without water) 
and Test E6 (with water). In the LTO region there was a longer reaction time to reach 
same temperature and consequently a delay for the auto-ignition temperature from 176 
°C to 188 °C as mentioned above. The addition of water definitely causes an 
appreciable effect on the exothermicity, which shifts a large amount of heat, produced 
in the lower temperature to the higher temperature ranges.
There is also an apparent reduction of self-heat rate values due to the existence of water 
in both reaction regions. The maximum self-heat rate was reduced from 472 °C/min to 
261 °C/min and the average self-heat rate value during HTO region reduced from 18 
°C/min to 13.8 °C/min. The respective maximum SITR value and average SHR during 
HTO period ratios for Tests E5 and E6 were therefore 1.8 and 1.3, respectively. The
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maximum temperature was also reduced from >500 °C to 422 °C, which means the Test 
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Figure 6.13: Self-heat Rate Profile for Tests E5 and E6
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Table 6.6 shows also a reduction in energy evolved during LTO (ELTO) and energy 
evolved during HTO (EHTO) regions in the experiments with water. The ratio o f the 
energy evolution in Tests D27 and D25 were 2.3 and 1.4 for LTO and HTO regions, 
respectively.
Similar trend was observed from the other experimental set, the ratio o f energy evolved 
in Tests E5 and E6 were 1.11 and 1.95 for LTO and HTO regions, respectively. Hence, 
it is clear from these comparisons that the ELTO and EHTO were reduced substantially 
in the presence o f water. It is worth mention that the ratio o f EHTO value for Test E5 is 
underestimated because the experiment was halted before reaching the maximum 
temperature due to equipment limitations.
The LTO reaction kinetics parameters were evaluated for all Tests, (Figures 6.14-16). 
The reaction kinetics for HTO region (Figure 6.17) was evaluated for tests E5 and E6 
only, and could not evaluate for Tests D27 and D25 as this region was suffered from 
oxygen limitation. The best fit for reaction order for all tests and for both regions LTO 
and HTO was unity. The estimated reaction kinetic parameters are given in Table 6.6. 
From the plots below, it can be clearly seen that an addition o f water for both sets o f 
experiments results in an increase in the reaction kinetic parameters (activation energy 
and pre-exponential factor) for both regions i.e. LTO and HTO.
Table 6.6 shows that the activation energy for LTO region was increased by 33 % and 
the pre-exponential factor by about 100% when the water was added to the experiment 
D25. Similar trend again was observed in the experiments with oil E, the activation 
energy and pre-exponential factor were both increased by 36% and 100% for LTO 
region. In the HTO region, the activation energy and pre-exponential factor were 
increased by 50% and 100%, respectively, in the present o f water. Therefore, there is a 
uniform trend o f increasing kinetic parameters with the addition o f water.
The values o f activation energy in the range o f 80-200 kJ/mole for LTO are in 
agreement with values reported by Moore et al. (2001) using similar experimental 
equipment. However, the activation energies for HTO region reported in this section are 
slightly lower than values reported in the literature for burning various types o f carbon, 
which range from 48 to 135 kJ/mole. Bousaid and Ramey (1968) used a precoked crude 
o f 13.9API in a packed bed using Berea sand and reported activation energy o f 48.4 
KJ/mole by adding 20% clay to the sand. Dabbous and Fulton (1974) treated 19.9 API 
precooked Bera sand o f 60 mesh size and found an activation energy o f 58.9 kJ/mole
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also obtained first and second order reaction kinetics with respect to oxygen partial 
pressure and carbon concentration respectively. Burger and Shaquat (1976) reported 
values of the activation energy ranging from 50.7 to 73.7 kJ/mole covering the range 
from 30 to 600 °C. Fassihi et al. (1984) used four different types of crude; for 11.2 API 
in sand pack activation energy of 120 kJ/mole was obtained and by adding 5% clay to 
the sand this decreased to 61 kJ/mole. Phillips and Hsich (1985) obtained an overall 
value of the activation energy of 80 kJ/mole, in an integral plug flow reactor by 
considering the Athabasca tar sand as the only reactant on oxidation. They observed 
first order reaction with respect to oxygen concentration.
Thomas et al. (1985) used coked sand from the crude of density 0.971 gm/cc and 
observed activation energy in an air atmosphere of 87.0 kJ/mole. They also obtained 
first order reaction with respect to carbon and oxygen concentration. Vousoughi et al. 
(1985) used 19.3 API crude oil mixed with sand in thermogravimetric analysis, they 
obtained an activation energy of 123.5 kJ/mole and they suggested first order reaction 
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Figure 6.14: Pseudo-Rate Constant Vs Reciprocal Temperature 
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Figure 6.15: Pseudo-Rate Constant Vs Reciprocal Temperature 
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Figure 6.16: Pseudo-Rate Constant Vs Reciprocal Temperature 
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Figure 6.17: Pseudo-Rate Constant Vs Reciprocal Temperature 
For HTO Region (Tests E5 and E6)
To illustrate the effect of water on the delay time a comparison was done between test 
D27 and D25. The reaction for Test D25 commences near 121 °C and the rate increases 
with temperature until above 500 °C, as shown in Figure 6.12. The maximum SHR for 
this test was 158 °C/min at temperature 231 °C (Table 6.6). Figure 6.18 shows the 
maximum self-heat rate plot for Test D25 (with water) while the time to maximum rate 
for Test D27 (without water) was previously plotted in Figure 5.45.
By comparing the two plots, if the temperature of interest in this example were 80 °C, it 
can be seen from the data in Figures 5.45 and 6.18 the time to maximum rate could be 
very long in the presence of water.
As far as the auto-ignition is concerned, therefore, the depleted oil reservoirs with lower 
amount of water offer a better prospect for achieving the quickest spontaneous ignition 
in a field application. As this type of reservoirs, it needed lower activation energies, 
lower pre-exponential factors with lower reaction orders and shorter delay time. These 
conditions are favorable for auto-ignition phenomenon. In the other hand, the water- 
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Figure 6.18: Time To Maximum Rate Plot For Test D25
Table 6.6: Summary of Experimental results For The Tests D25, D27, E5 and E6
Parameter \  Experiment D27 D25 E5 E6
LTO HTO LTO HTO LTO HTO LTO HTO
Thermal inertia (<|>) 5.7 5.7 3.5 3.5 3.6 3.6 2.8 2.8
Onset Temperature (C) 109 268 121 232 109 243 115 268
Final Temperature (C) 266 >500 231 >500 242 500 267 422
Self-heat Rate at onset (C/min) 0.023 - 0.028 - 0.022 - 0.021 -
Auto-ignition Temperature (C) 162 - 177 - 176 - 188 -
Maximum Self-heat Rate (C/min) 141 - 158 - 472 - 261 -
Temperature at Maximum SHR (C) 249 - 231 - 212 - 218 -
Average SHR (HTO region) (C/min) - 12 - 10 - 18 - 13.8
Reaction Time (min) 328 25 282 20 183 14 332 18
(<(>)-Corrected Heat Of Reaction (J/g) 889 1211 387 876 474 847 427 435
Order of Reaction with respect to fuel 1 - 1 - 1 1 1 1
Activation Energy (KJ/mol) 130 - 195 - 144 17 225 34
Arrhenius Frequency Factor (1/sec) 1.82E+11 - 2.14E+18 - 2.05E+12 0.07 1.15E+21 2.82
Time to Maximum Rate (a), 80 °C (Days) 2 - 20 - - - - -
The variation of product concentrations resulting from the oxidation reactions are 
shown in Figures 6.19 and 6.20 for both experiments E5 and E6, respectively, where the 
oxygen produced profile together with that of carbon oxides produced and temperatures 
are plotted vs. time. Usually effluent gas analysis data should show two oxygen 
consumption peaks at low and high temperatures i.e. LTO and HTO. The results in 
Figures 6.21 and 6.22 show unusual behavior in that only one apparent peak in the 
oxygen consumption and production of carbon oxides.
Both Tests at the temperature lower than 178 °C, the total oxygen conversion was small 
and no carbon oxides were detected. The plots below show that oxygen uptake becomes
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significant at a temperature of 180 °C and 190 °C for tests E5 and E6, respectively. This 
is marked by an increase in the rate of temperature rise, which reflects high-energy 
generation rates. This can be seen clearly in Figures 6.21 and 6.22, which show the 
oxygen consumption profile, self-heat rate and temperature versus time.
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Figure 6.19 Gas Composition Profile For Test E5
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Figure 6.20: Gas Composition Profile For TestE6
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The relatively high oxygen consumption and high carbon oxides production at low 
temperatures indicates a high reactivity of this crude oil with oxygen as might be 
expected. The addition of water shows no appreciable effect on oxygen consumption, 
since a smaller peak was observed compared to the experiment without water. The 
maximum O2 uptakes for both Tests E5 and E6 were 15.8 and 13.7 mole percent, 
respectively. Similarly, addition of water had a negative effect on CO2 production. The 
maximum carbon dioxide concentrations for Tests E5 and E6 were 8.2 and 6.3 mole 
percent, respectively, and maximum carbon monoxide concentrations were unchanged 
2.2 mole percent for both tests. The decrease in CO concentration relatively to CO2 at 
high temperatures, and consequently the early disappearance of the CO peak was 
noticed. This may be caused by oxidation of CO to CO2 in the gas phase. These ratios 
and plots below clearly show that the oxygen consumption and carbon dioxide were 
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Figure 6.21: Oxygen Consumption, Self-heat Rate and Temperature
Versus Time For Test E5
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Table 6.7 summarizes the gas composition tests for E5 and E6 tests. The declining of 
CO2 trend and sharp rise in the oxygen level at 400 °C for Test E6 shows that the 
combustion process starts to die after depletion of fuel (Figure 6.22). This is further 
evidence by the sharp decline in the SHR level at this time and the system switched to 
HWS sequences to seek for any further exothermic activity. While the Test E5 reached 
the maximum allowable temperature for the apparatus 500 °C, where was halted, this is 
additional verification of the fuel availability was much higher than the test with water.
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Figure 6.22: Oxygen Consumption, Self-heat Rate and Temperature
Versus Time For Test E6
Oxygen utilisation, which is a measure of the performance of the oxidation reactions, 
was also calculated for both experiments. The maximum oxygen utilisation o f about 
(75%) for Test E5, as shown in Table 6.7 indicates higher reactivity of the crude oil 
with oxygen compared to (66%) maximum utilisation at the experiment with water 
(E6). Therefore, the respective oxygen utilization was therefore 9% higher in the 














Figures 6.23 and 6.24 show the ratio of oxygen consumed and total carbon oxides 
produced. This is the ratio whereby the boundary of the reaction regimes, i.e. LTO and 
HTO, can be identified. During LTO reactions, some oxygen is consumed to produce 
carbon oxides, but the combined production of these gases less than oxygen 
consumption. Based on this, however, as can be seen from both plots there was no clear 
evidence of LTO reactions and it looks has disappeared earlier at lower temperature 
levels i.e. 220 °C. Figure 6.23 shows the oxygen consumed and total carbon oxides 
produced against time at high temperatures (about 325 °C), the amount of consumed 
oxygen is comparable to the amount of produced carbon oxides (i.e., CO2+O.5 CO). 
However, at low temperatures, the oxygen consumed is slightly greater than the carbon 
oxide produced. Similar trend was again observed here where the ratio of oxygen 
consumed per carbon oxides was lower for test E5 (without water). This is probably due 
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Figure 6.24: Oxygen Consumed & Total Carbon Oxides Produced Vs
Time For Test E6
To investigate the effect of water on oxidation reactions at low and high temperatures 
and the nature of the fuel burned, the apparent H/C ratio and the molar ratio 
(CO/(CO+CC)2) were calculated. The value of 0.25 is attributed to the carbon oxidation 
and combustion; values different from this indicate that different reactions are taking 
place. Fassihi et al. (1984) has attributed values higher than that of 0.25 for m-ratio to 
the fuel burned in the combustion reaction as hydrocarbon combustion. For comparison 
reasons, the m-ratio ranged from 0.25 to 0.03 and from 0.3 to 0.07 for Tests E5 and E6, 
respectively, at the temperature range from 200 till maximum temperature Table 6.7. 
This may attributed to some higher temperature reactions occurring within the 
temperature zone previously ascribed to the lower temperature reaction and disappear 
the later zone almost completely at lower temperature ranges.
Figures 6.23 and 6.24 above and the calculated m-ratios indicate that at higher 
temperatures, nearly all of the consumed oxygen was utilised to produce carbon oxides. 
This indicates that the fuel burned is mainly composed of carbon; this was also verified 
by the low (H/C) av. ratio (-0.8 and 0.9) for Tests E5 and E6, respectively, compared to 
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Figure 6.25: Apparent H/C Ratio and Temperature Versus Time for Test E5
4 8 0 -r 40
Temperature ■ ■ 3 5
4 3 0 -
■ ■ 30
3 8 0 -
■ ■ 25
■■20S  3 3 0  -
-■  15
2 8 0 -
■■ 10
2 3 0 - H/C ■ ■ 5
180
3 5 03 3 0 3 3 5 3 4 0 3 4 5
Time (min)







Table 6.7: Gas Composition Data For Tests E5 and E6
Parameter \ Experiment E5 E6
Temperature Range (deg C) 180-480 200-422
Minimum 0 2 Produced (Mole %) 5.3 7.2
Maximum C 0 2 Produced (Mole %) 10 7.84
Maximum CO Produced (Mole%) 2.2 2.2
Maximum 0 2 Consumption (0 2 C W 15.8 13.7
Temperature (02c)max. 341 336
Maximum 0 2 utilization 75 66
Ratio o f  0 2 c / (CO2+0.5CO) 1.8-0.79 2-0.8
(H/C) Range 3.7-0.05 4-0.08
m-Ratio 0.25-0.03 0.3-0.07
From the results obtained from above tests, it looked that in spite of lower oil water 
ratio (0.21 gm/gm) tested in case of oil D comparing to the ratio in oil E (0.37 gm/gm), 
the effect of water was more dominate in the tests with oil E. This is attributed to the oil 
reactivity; therefore, the oil/water threshold value may be oil specific. The water effect 
should be tested for individual crude oils. The effect of variation of oil/water ratio on 
the exothermicity characteristics on oil E is discussed in the subsequent section.
6.4 O IUW ATER RATIO
The initialization parameters for two sets of experiments used to compare this effect are 
shown in Table 6.8. As shown in the Table below, two levels of oil water ratio were 
used in Test E l (0.86 gm/gm) and lower ratio was used for Test E6 (0.36 gm/gm). The 
E6 run was chosen to repeat at tertiary conditions to determine if the additional water 
present at the start of air injection would adversely affect the exothermicity 
characteristics and oxidation process by absorbing heat and diminishing the bum 
temperature. We were also interested in seeing if the high oil water ratio would result in 
a more efficient oxygen removal capacity compared to the lower ratios for same oil.
The various exothermicity parameters including the self-heat rate ratios, reaction times 
and energy evolved and the reaction parameters are shown in Table 6.9. The 
summarized gas composition data for Tests E5 and E6 are shown in Table 6.10
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Table 6.8: Initialization Parameters For The Test E1 and E6
Parameter E l E6
Sample Cell Mass (gm) 26 26
Sample Cell Type 4A 4A
Oil (gm) 0.31 0.19
Oil Type E E
Water (gm) 0.36 0.50
Rock (gm) 5.93 5.93
Oil/Rock Ratio % (gm/gm) 5.2 3.12
Oil/Water Ratio (gm/gm) 0.86 0.37
Pressure (bar) 70 70
Air Flow Rate (CC/min) 120 120
Air flux (m3/m2.hr) 15 15
Start Temperature (°C) 100 100
End Temperature (°C) 480 480
Slope Sensitivity (°C/min) 0.02 0.02
Heat step Temperature (°C) 5 5
Wait Time (min) 10 10
Search Time (min) 10 10
End Searching Temp. (°C) 450 450
Phi factor 2.9 2.8
HLC Device FL5e FL5e
The Test E6 (lower oil/water ratio) progressed extremely slowly after the onset of 
reaction was detected almost identical to Test E l. Comparing the adiabatic temperature 
profiles in Figure 6.27 can see this. It shows that the adiabatic temperature for the Test 
El was progressed from 113 °C (onset of reaction) to 166 °C (auto-ignition 
temperature) in 195 minutes of air injection. Before the temperature reached the auto­
ignition temperature 188 °C in Test E6, 329 minutes was required, as shown in Figure 
6.27. The auto-ignition temperature was delayed by 20 °C in case of lower oil water 
ration and the Test E6 was died earlier. Presumably, the fuel availability was much 
higher in case of high oil water ratio.
The self-heat rate profile for Test El is compared with Test E6, in Figure 6.28 below. It 
looked that the reaction rate is slowed substantially in all the reaction stages with 
decreasing oil water ratio in Test E6. The reduction of the ratio of oil to water definitely 
causes unappreciable effect on the exothermicity, which produces lower self-heat rate 
values. The maximum self-heat rate was reduced from 918 °C/min to 261 °C/min and 
the average self-heat rate value during HTO region reduced from 21 °C/min to 13.8 
°C/min. The respective maximum SHR value and average SHR during HTO period 
ratios for Tests El and E6 were therefore 3.5 and 1.5, respectively. The maximum
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temperature was also reduced from >500 °C to 422 °C, which means the Test E6 with 
water, dies earlier than Test E l.
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Figure 6.28: Self-heat Rate Profile For Tests E1 and E6
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Table 6.9 shows a reduction in energy evolved during LTO (ELTO) and energy evolved 
during HTO (EHTO) regions in the experiments with lower oil water ratio. The ratio of 
energy evolved in Tests E l and E6 were 1.15 and 1.45 for LTO and HTO regions, 
respectively. Hence, the comparison clearly shows the magnitude of energy evolution 
were higher in the test with high oil water ratio for both reaction regions.
Figure 6.29 shows the pseudo reaction constant trend for both Tests E l and E6. The 
Activation energies and pre-exponential factors at LTO region are estimated and given 
in Table 6.9, as a function of oil water ratio. An inspection of the ratios obtained in 
Table 6.9 reveal that all of the Arrhenius kinetic values obtained with lower oil water 
ratio are of greater magnitude than those for test with higher oil/water ratio. The 
activation energy for LTO region was increased by 14 % and the pre-exponential factor 
by about 97% for the lower oil water ratio.
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Figure 6.29: Pseudo-Rate Constant Vs Reciprocal Temperature 
For LTO Region (Tests E1, and E6)
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Table 6.9: Summary of Experimental results For The E1 and E6
Parameter \ Experiment E l E6
LTO HTO LTO HTO
Thermal inertia (<J)) 2.9 2.9 2.8 2.8
Onset Temperature (°C) 113 284 115 268
Final Temperature (°C) 283 >500 267 422
Self-heat Rate at onset (°C/min) 0.07 - 0.021 -
Auto-ignition Temperature (°C) 166 - 188 -
Maximum Self-heat Rate (°C/min) 918 - 261 -
Temperature at Maximum SHR (°C) 236 - 218 -
Average SHR (HTO region) (°C/min) - 21 - 13.8
Reaction Time (min) 207 11.5 332 18
(<t>)-Corrected Heat O f Reaction (J/g) 493 629 427 435
Order o f  Reaction with respect to fuel 1 - 1 1
Activation Energy (KJ/mol) 193 - 225 34
Arrhenius Frequency Factor (1/sec) 2.40E+18 - 1.15E+21 2.82
The gas composition and temperature vs. time profile for Test E l and Test E6 are 
presented in Figures 6.30 and 6.20, respectively. The abscissa shows the run time (in 
minutes) from the beginning of a HWS run. Results of the oxygen consumption in both 
sets of experiments were compared and presented in Figures 6.24 and 6.33. The plots 
below show that oxygen uptake becomes significant at a temperature of 185 °C and 
190°C for Tests E l and E6, respectively. The relatively high oxygen consumption and 
high carbon oxides production at high oil water ratio was noticed. The maximum 
oxygen utilisation was about (100%) for test E l, as shown in Table (6.10) indicates 
higher oxygen utilisation compared to (66%) utilisation at the experiment with lower oil 
water ratio (Test E6). Therefore, the respective oxygen utilization was therefore 34% 
higher in the experiment with higher oil water ratio. A greater level of carbon dioxide 
production in Test E l was also measured. The CO2 content of the produced gases 
increased as the sample cell temperature increased and reached maximum value 14 
mole percent for Test E l and lower value 7.8 mole percent for Test E6. The maximum 
carbon monoxide concentrations were 3.7 and 2.2 mole percent. The respective 
maximum carbon dioxide and carbon monoxide ratios for Tests E1/E6 were therefore
1.8 and 1.7, respectively.
The temperature trend for test E l reveals that despite of the test was halted at 480 °C 
the combustion reactions continued and consequently the oxygen was utilised for a 
while, this is an additional verification of the fuel availability was much higher than the
test with higher oil water ratio as the Test E6 was died lower temperatures. For these
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experiments, the initial water saturation had no appreciable effect on the fuel 
availability other than that resulting from decreasing initial oil saturation.
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Figure 6.30: Effluent Gas Analysis Data for Test E1
Figures 6.31 and 6.32 show the ratio of oxygen consumed and total carbon oxides 
produced. Fairly constant oxygen consumed and total carbon oxides produced ratios 
were observed following the auto-ignition period. The oxygen consumption in 
combustion reaction higher than 220°C for both tests may be considered to be 
consisting with total carbon oxides produced. The average values for of oxygen 
consumed to total carbon oxides produced were 1.2 and 1.0 for Tests E l and E6, 
respectively, for temperature higher than 220 °C. This indicates that the fuel burned is 
mainly composed of carbon. The oxygen consumption to total carbon oxides produced 
trends of these runs do not support the conclusions that there are two main oxidation 
reaction mechanisms: oxygen addition to the hydrocarbon with little carbon oxide 
generation at low temperatures, followed by high temperature oxidation of this fuel. 
There was no clear indication of existence of LTO reaction after the auto-ignition
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period especially for high oil water ratio experiment. This observation was verified by 
calculating the m-ratio and the apparent H/C ratio.
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Figure 6.31: Oxygen Consumed, Total Carbon Oxides Produced 
And Temperature Vs Time For Test E1
The m-ratio ranged from 0.29 to 0.03 and from 0.3 to 0.07 for tests E l and E6, 
respectively, at the temperature range from 200 °C till maximum temperature (Table 
6.10). These values indicate that the fuel burned is mainly composed of carbon; this was 
also confirmed by the low (H/C) av. ratio (-1.1 and 0.9) for Tests E l and E6, 
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Figure 6.32: Apparent H/C Ratio and Temperature Versus Time For Test E1
Table 6.10: Gas Composition Data For Tests E1 and E6
Parameter \ Experiment E l E6
Temperature Range (°C) 185-500 190-422
Minimum 0 2 Produced (Mole %) 0.0 7.2
Maximum C 0 2 Produced (Mole %) 14 7.84
Maximum CO Produced (Mole%) 3.7 2.2
Maximum 0 2 Consumption (0 2 c)max 21 13.7
Temperature at (0 2 c)max 420-500 336
Maximum 0 2 utilization 100 66
Ratio o f  0 2 c / (CO2+0.5CO) 1.8-0.79 2-0.8
(H/C) Range 3.7-0.05 4-0.08
m-Ratio 0.29-0.03 0.3-0.07
Average Heat Of Reaction (J/02 mole consumed)
Another feature of oxidation of the light crude oil is the high concentration of carbon 
oxides found in the effluent gas stream, particularly CO2 . Figure 6.31 shows that carbon 
oxides production accounted for almost 100% of the oxygen consumed at high 
temperatures i.e. higher than 200°C. For air injection to be applied as an improved oil 
recovery technique for light oil reservoirs a high level of carbon oxides production at
199
low temperatures, is a desirable feature. The production o f CO2 can increase oil 
displacement and has no negative effect on the oil properties.
The experimental results show that the decreasing oil/water ratio retards the reaction in 
general, but this effect is much pronounced for oil E compared to oil D. Consequently, 
the combustion process for poor crude oil reactivity with high water saturation in a 
potential reservoir may not be possible.
It can be concluded that, in the reservoir, if  the oil reactive enough with oxygen the 
retarding effect o f water on the process is expected to be only in the first stage o f the 
process. Once the self-ignition has established and the reservoir temperature increased 
the water in the front o f combustion zone would evaporate to create a steam plateau at 
the front o f combustion zone, which is expected to be at low temperature levels. Hence, 
low oil saturation or poor reactivity oil reservoirs with high water saturation, which 
delays the reaction onset until high temperatures, would not be a good candidate for an 
air injection process.
6.5 OIL/ROCK RATIO
As discussed in section 6.1, the crushed reservoir rock was found to enhance the 
reaction rate and exothermicty characteristics. However, as would be expected, there 
exists a boundary value o f crude oil/rock ratio (O/R). Mixture with crude oil/rock ratios 
less than the threshold value do not reveal any favorable effect o f surface area, rather 
behaves as heat sink; therefore they produce lower values o f SHR and longer reaction 
time. Another way to view this ratio is to directly relate to the concept o f minimum 
crude-oil content. In the reservoir, high value o f the ratio o f oil/rock means either high 
porosity (less amount o f rocks) or high initial oil saturation. Increasing the amount o f  
reservoir fluid (oil & water) and reducing o f the amount o f rock simulated high rock 
porosity and the opposite is correct. In the absence o f capability to incorporate 
consolidated reservoir core in the experimental rig so far, consequently, the effect of 
porosity might be studied by using oil, water and rock ratios similar to that in the real 
reservoir conditions.
To examine the effect o f this parameter on exothermicity characteristics and oxidation 
reaction o f light oils, two sets o f experiments carried out to cover a wide range o f  
oil/rock ratios. The initialization parameters for the two sets o f experiments D40, D41 
and D42, and the other set D59, D61 and D62 are listed in the Tables 6.11 and 6.12.
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As can be seen in the Tables below, the amount of oil and rock were varied to give 
different ratios while the experimental conditions were kept unchanged. The initial 
amounts of oil in the samples were: 0.6, 0.17, 0.08 gm, and the corresponding O/R 
ratios were 18.7, 3.69 and 1.75 wt percentage for runs D40, D41 and D42, respectively. 
Additional experiments were conducted in order to verify the above result on different 
arrangements of the oil/dock ratios. In the other set of experiments, the amount of rock 
was relatively higher, the initial amounts of oil in the samples were: 0.21, 0.18 and 0.12 
gm, and the corresponding amount of water were: 0.21, 0.18 and 0.12 gm and the O/R 
ratios were 3.72, 3.00 and 1.77 wt percentage for runs D59, D61 and D62, respectively. 
Increasing the amount of rock is akin to having lower oil and water saturations in the 
reservoir.
Note that the O/W ratio was kept constant 0.36 gm/gm for all runs as well as the (j) 
factor was identical for all runs in order to eliminate the effect of these parameters on 
exothermicity trend.
Table 6.11: Initialization Parameters For The Tests D40, D41 and D42
Parameter D40 D41 D42
Sample Cell Mass (gm) 26 26 26
Sample Cell Type 4A 4A 4A
Oil (gm) 0.6 0.17 0.08
Oil Type D D D
Water (gm) 0.00 0.00 0.00
Rock (gm) 3.22 4.50 4.75
Oil/Rock Ratio % (gm/gm) 18.56 3.69 1.75
Oil/Water Ratio (gm/gm) - - -
Pressure (bar) 50 50 50
Air Flow Rate (cc/min) 48 48 48
Air flux (m3/m2.hr) 6 6 6
Start Temperature (°C) 60 60 60
End Temperature (X ) 480 480 480
Slope Sensitivity (^C/min) 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5
Wait Time (min) 10 10 10
Search Time (min) 10 10 10
End Searching Temp. (°C) 450 450 450
Phi factor 4.4 4.3 4.3
HLC Device FL lc FL lc FL5c
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Table 6.12: Initialization Parameters For The Tests D59, D61 and D62
Parameter D59 D61 D62
Sample Cell Mass (g) 26 26 26
Sample Cell Type 4A 4A 4A
Oil (gm) 0.21 0.18 0.12
Oil Type D D D
Water (gm) 0.59 0.50 0.33
Rock (gm) 5.62 5.93 6.55
Oil/Rock Ratio % (gm/gm) 3.72 3.00 1.77
Oil/Water Ratio (gm/gm) 0.36 0.36 0.36
Pressure (bar) 70 70 70
Air Flow Rate (cc/min) 120 120 120
Air flux (m3/m2.hr) 15 15 15
Start Temperature (°C) 90 90 90
End Temperature rC ) 480 480 480
Slope Sensitivity (°C/min) 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5
Wait Time (min) 10 10 10
Search Time (min) 10 10 10
End Searching Temp. (°C) 450 450 450
Phi factor 2.8 2.9 2.8
HLC Device FL15e FL5e FL5e
The various experimental results including the exothermicity parameters, reaction 
times, energy evolved and reaction kinetic parameters are shown in Table 6.13 and
6.14. The summarized gas composition data for tests E5 and E6 are shown in Table
6.15.
The adiabatic temperature profile of experiment D40 (O/R ratio 18.5) was compared 
with experiments D41 (O/R ratio 3.7), and D42 (O/R ratio 1.75). This is shown in 
Figure 6.33, it shows the reaction time was increased as the O/R ratio decreased in both 
reaction regions therefore they produce longer reaction time to reach same temperature. 
The onset of reaction was almost identical for all tests, this attributed to the relatively 
high O/R ratio involved for all three tests without water. The time required to reach the 
experimental maximum self-heat rate was 460 in the Test D40 (the highest O/R ratio) 
compared to 799 min in the Test D41 and 706 min in the Test D42. These set of 
experiments simulate the high oil saturation but different porosities. The general trend is 
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Figure 6.33: Adiabatic Temperature Profile for Tests D40, D41 & D42
This confirmed by comparing the experimental results obtained from Test D59 (O/R 
ratio 3.72) with Test D61 (O/R ratio 3.0) and Test D62 (O/R ratio 1.77), Figure 6.34. 
This clearly shows the negative effect of reducing the O/R ratio on the reaction rate and 
the maximum temperature. The onset of reaction was delayed from 121 °C to 161 °C 
and auto-ignition temperature delayed from 180 °C to 198 °C in Tests D61 and D62, 
respectively. There was a delay of 9°C between Test D61 and Test D59, the reason of 
this was not clear and could be artifact (heat loss from the apparatus). The time required 
to reach the experimental maximum self-heat rate was 105 minute in the Test D59 
compared to 218 minute in the Test D61 and 294 minute in the Test D62.
This evidently shows unfavorable behavior for exothermicity characteristics using same 
crude oil at lower O/R ratio.
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Figure 6.34: Adiabatic Temperature and Pressure Profile For 
Tests D59, D61 & D62
Figure 6.35 presents the comparison between the self-heat rates for tests D40, D4l and 
D42. The maximum self-heat rate was reduced from 176 °C/min in Test D40 to 14.7 
°C/min in Test D41 and further reduced to just 7.5 °C/min in Test D42. The respective 
maximum SHR ratios Tests D40/D41 and D40/D42 were therefore 12 and 23.5 times, 
respectively. Similar trend was also observed for the HTO region, the average self-heat 
rate values were 10.2 °C/min, 10 °C/min and 1.45 °C/min for Tests D40, D41 and D42. 
Higher ratio of oil to rock unmistakably enhanced the oxidation reactions for the light 
oil, this effect is more remarkable in the second set D59, D61 and D62. The self-heat 
rate profile for Test D59 is compared with Test D61 and Test D62, in Figure 6.36 
below. There is a clear reduction of self-heat rate values for all reaction regions due to 
the reduction of O/R ratio. The maximum self-heat rate was reduced from 897 °C/min 
in Test D59 to 680 °C/min in Test D61 and further reduced in test D62 to 45 °C/min. 
The respective maximum SHR ratios for Tests D59/D61 and D59/D61 were therefore 
1.32 and 19.93 times, respectively.
The average self-heat rate value for HTO region was also strongly affected by reducing 
the O/R ratio; the average SHR was reduced from 23.9 °C/min in test D59 to 16.4
°C/min in Test D61 while the Test D62 was died before reaching the HTO region. A
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uniform trend of decreasing the maximum temperature as well as the reaction rate was 
unmistakably observed in both reaction regions reaction rate by decreasing the oil/rock 
ratio. The maximum temperature was reduced from >500 °C in Test D59 to 393 °C in 
Test D61 and further significantly reduced to 294 °C in Test D61.
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Figure 6.35: Self-heat Rate Profile For Test D40, D41 & D42
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Figure 6.36: Self-heat Rate Profile For Test D59, D61 & D62
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It is apparent from these experimental results that the O/R ratio has an important effect 
on the heat release during air injection process, both in its overall effect on decreasing 
heat release and consequently the maximum temperature and also in increasing reaction 
time to reach same temperature as the O/R ratio decreased. This affected the amount o f  
heat given off, Table 6.14 shows a reduction in energy evolved during LTO (ELTO) 
and energy evolved during HTO (EHTO) regions in the experiments with lower O/R 
ratios. The ratios o f the energy evolution in Tests D59/D61 were 1.00 and 1.95 for 
LTO and HTO regions, respectively. There was additional increase for the energy ratio 
when comparing D59 with D62 the ratio was 1.2 for LTO region. Hence, it is clear from 
these comparisons that the ELTO and EHTO were substantially reduced with 
decreasing the ratio o f O/R in the sample cell.
While direct comparisons with the two sets o f experiments cannot be made because the 
experiments were conducted under different experimental conditions, different trend 
was obtained from the other experiment set. The effect o f O/R ratio on the extent o f  
LTO reactions was noticed as the decrease o f O/R ratio causes a substantial heat to be 
produced during LTO region. This can be illustrated by comparing the EHTO/ELTO 
ratios. The EHTO/ELTO ratios were 1.4, 0.86 and 0.45 for Tests D40, D41 and D42, 
respectively, which is higher in case of high O/R ratio. These results are in agreement 
with Drici et al. (1985). He observed that ddecreasing the crude oil/surface area ratio 
enhanced the low-temperature oxidation peak. He was also noticed that additives with 
large specific area shifted a large portion of the exothermic heat from higher to a lower 
temperature range. The fractional shift correlates with the crude oil/surface area ratio o f  
the mixture. Activation energies calculated for the crude oil combustion o f the samples 
with a high value o f the crude oil/surface area ratio. He concluded that the surface area 
o f the additives seemed to affect the crude oil combustion regardless o f the composition 
o f the additives.
Estimation o f the reaction kinetic parameters was made for LTO region for Tests D40, 
D41 and D42 and the results are presented in Table 6.13 and Figure 6.37. A comparison 
o f kinetic parameters in Table 6.13 shows a decrease in the activation energy and pre­
exponential factor with decrease the O/R ratio. This could be due to same reason 
discussed in section 6.1, which is the increase o f surface area. The surface area 
increases as the O/R ratio decreased.
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Figure 6.37: Pseudo-Rate Constant Vs Reciprocal Temperature 
For LTO Region (Tests D40, D41 & D42)
Table 6.13: Summary of Experimental results For The Tests D40, D41 and D42
Parameter \ Experiment D40 D41 D42
LTO HTO LTO HTO LTO HTO
Thermal inertia (<j>) 4.4 4.4 4.3 4.3 4.3 4.3
Onset Temperature (C) 78 249 74 292 79 356
Final Temperature (C) 244 500 291 500 355 500
Self-heat Rate at onset (C/min) 0.12 - 0.09 - 0.03 -
Auto-ignition Temperature (C) 180 - 177 - 172 -
Maximum Self-heat Rate (C/min) 175.5 - 14.7 - 7.5 -
Temperature at Maximum SHR (C) 215 - 271 - 276 -
Average SHR (HTO region) (C/min) - 10.2 - 10.0 - 1.45
Reaction Time (min) 460 15 799 19 706 94
(<j>)-Corrected Heat Of Reaction (J) 2830 3982 3715 3204 4709 2133
Order of Reaction with respect to fuel 1 - 1 - 1 -
Activation Energy (KJ/mol) 149 - 99 - 85 -
Arrhenius Frequency Factor (1/sec) 5.50E+12 - 5.05E+06 - 8.30E+04 -
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Table 6.14: Summary of Experimental results For the Tests D59, D61 and D62
Parameter \ Experiment D59 D61 D62
LTO HTO LTO HTO LTO HTO
Thermal inertia (<j>) 2.8 2.8 2.9 2.9 2.8 -
Onset Temperature (°C) 130 283 121 280 161
Final Temperature (dC) 282 500 279 393 294
Self-heat Rate at onset Temp. (C/min) 0.021 - 0.022 0.02
Auto-ignition Temperature (°C) 170 - 180 198
Maximum Self-heat Rate (^C/min) 897 - 680 45
Temperature at Maximum SHR (°C) 279 - 236 199
Average SHR (HTO region) (°C/min) - 23.9 - 16.4 -
Reaction Time (min) 105 9 218 9 294
(4>)-Corrected Heat Of Reaction (J) 3094 4488 3229 2295 2654
The characteristics of self-heat rates profiles have shown to be strongly dependent on 
the amount of oil/rock ratio as can be seen above. Because the self-heat rate and 
temperature profiles reflect the oxidation kinetics, changes were apparent in both the 
auto-ignition and maximum temperature. Any alteration in the kinetics should also be 
apparent from the product gas compositions. Figure 6.38, 6.39 and 6.40 compare the 
oxygen produced, carbon dioxide and carbon monoxide histories for Tests D59, D61 
and D62, respectively. As was previously described, these runs had similar air fluxes 
and the O/W ratio; the only difference between them was in the oil/rock ratio.
Figures 6.38 and 6.39 show that Tests D59 and D61 exhibited a high temperature 
region with maximum temperature >500 °C (Test D59) and 393 °C (Test D61) while 
the Test D62 was died before reaching the HTO region. In spite of the Test D29 was 
halted at 480 °C, the self-heat rate continued to sustain the reaction till about 500 °C or 
more. Generally, this oil has indeed the strongest exothermic response detected among 
all oil tested, especially in this test, during this study.
The plots below show that oxygen uptake becomes significant at a temperature of 178 
°C, 190 °C, and 195 °C for Tests D59, D61 and D62, respectively. The inspection of the 
Figures 6.41, 6.42 and 6.43 illustrates that an appreciable effect on oxygen consumption 
as the O/R was reduced, since smaller peaks was observed compared to the experiment 
with high O/R ratio. Test D59 showed complete oxygen utilisation once the high 
temperature region formed while the lowest oxygen produced for test D61 was 3.8 mole 
percent. The Test D62 exhibited the lowest oxygen consumption and this was noticed
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by high percentage of oxygen produced throughout the test, the minimum oxygen 
produced for this test was 14.6 mole percent.
Similar trend was observed for CO2 and CO production, which the reduction of O/R 
ratio had a negative effect on the magnitude of carbon oxides produced. The maximum 
carbon dioxide concentrations for D59, D61 and D62 tests were 13.5, 9.4 and 2.5 mole 
percent, and maximum carbon monoxide concentrations were 4.8, 4.0 and 0.7 mole 
percent, respectively. The respective maximum carbon dioxide and carbon monoxide 
ratios for Tests D59/D61 and D59/D61 were therefore 1.43 and 5.4 times, and the ratios 
of maximum carbon monoxide were 1.2 and 6.8 times, respectively. These comparisons 
evidently show that the oxygen consumption, carbon oxides fuel availability were 
higher as the oil/rock ratio increased. Table 6.15 below summarizes the measured gas 
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Oxygen utilisation was also calculated for each experiment. The maximum oxygen 
utilisation of (100%) for Test D59, as shown in Table 6.15 indicates the highest 
reactivity of this crude oil with oxygen at the high O/R ratio compared to (81%) 
utilisation at the experiment (D61) while the oxygen utilisation was only (30%) for Test 
D62.
Figures 6.41, 6.42 and 6.43 present the ratio of oxygen consumed and total carbon 
oxides produced. As can be seen from the first two plots that the ratio is reasonably 
constant once the combustion region has established i.e. 200 °C. The ratio between O2 
consumed and carbon oxides being nearly constant ranged from 1.2 to 1.6 in the Test 
D59 and from 1.1 to 1.7 in the Test D61 indicates that carbon oxides are being produced 
by the same reaction. However, Figure 6.43 (Test D62) reveals that the oxygen 
consumed was slightly greater than the carbon oxide produced, the ratio ranged from 
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These observations were verified by calculating the m-ratio and the apparent H/C ratio. 
The m-ratio ranged from 0.3 to 0.05 and from 0.3 to 0.0 for Tests D59 and D61, 
respectively, at the temperature range from 200 °C till maximum temperature (Table 
6.15). These values indicate that the fuel burned is mainly composed of carbon; this was 
also confirmed by the low (H/C) av. ratio 1.2 and 1.1 for Tests D59 and D61, 
respectively, compared to (-1.7) for the original oil. However, the m-ratio and apparent 
H/C were higher for the experiment conducted with the lowest O/R ratio Test D61.
This observation evidently shows how the reservoir rock affects the minimum oil 
content necessary for the self-sustained combustion, which is seen to be as the 
important factor affect the selection of suitable reservoirs for air injection process. This 
factor can be also used to determine whether the process would be work as an LTO 
process or complete combustion because the ratio between crude oil to sand is taken 
into account.
Table 6.15: Gas Composition For Tests D59, D61 and D62
Parameter \ Experiment D59 D61 D62
Temperature Range (deg C) 180-500 190-393 192-295
Minimum O2 Produced (Mole %) 0 3.8 14.6
Maximum C 0 2 Produced (Mole %) 13.5 9.4 2.5
Maximum CO Produced (Mole%) 4.8 4.0 0.7
Maximum 0 2 Consumption (Mole %) (0 2 0 ),^ 21 17.2 7.1
Temperature at (0 2 c)max (^C) 406-489 358 240
Maximum 0 2 utilization (%) 100 81 30
Ratio o f  0 2 c / (CO2+0.5CO) 1.2-1.6 1.0-1.5 1.7-5.0
(H/C) Range 1.2 1.1 2.5-18
m-Ratio 0.05-0.3 0.0-0.3 0.24-0.28
In summary, it seems that there is an overall trend towards lower self-heat rate, lower 
maximum temperature and consequently higher oxygen produced and lower carbon 
oxides produced, as the O/R ratio decreases. This comparison shows the necessity of 
studying and evaluating oil reactivity with O/R ratios similar to the real reservoir to 
avoid erroneous conclusions on field selection for air injection technique.
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As a general observation, the combustion process does not appear feasible for 
extremely low porosity matrix reservoirs; the porosity requirement is directly related to 
heat losses within the matrix and the amount o f oil contents. However, if  the intent o f 
air injection is merely pressure maintenance (repositioning of oil/water contact) with a 
possible side effect o f low temperature oxidation/high temperature oxidation, the air 
injection should still be feasible, if  the injection o f air as a miscible or an immiscible 
gas displacement process is possible.
6.6 API Gravity
The effect o f API gravity on exotherm trend was also studied using the flowing PHI- 
TECII. As the fuel concentration varies with API gravity, the peak temperature and 
hence temperature profile was expected to be depends on API gravity.
An inspection o f the exothermicity and reactivity results for the light oils (A-E) using 
the experiments with similar conditions was carried out. This analysis was to see if  any 
trends could be seen or the oils could be rated on their exothermicity or reactiveness 
based on the API gravity. The oils increase API in the order A, B, C (same as B), E, D 
and Au. However, no general trends could be observed and the results do not show a 
specific variation based on these oil type parameters. This could be due to the fact that 
the oil API and viscosities are actually very similar (Table 4.1) and more variety in 
these parameters would be required to observe the trend. Therefore, in addition to the 
runs with light crude oils, other oil medium heavy had to be carried out to see the effect 
o f API gravity on exothermic profile. The runs involved North Sea light oil D (39 API) 
and Medium Heavy Maya oil o f Sough American origin (coded M) (20 API) and air 
flux 15 m3 (ST)/m2 h at a constant total pressure 20 bar. The initialization parameters 
for two sets o f experiments used to compare this effect are shown in Table 6.16.
The Test M7 progressed slowly after the onset o f reaction was detected almost identical 
to D60. Comparing the adiabatic temperature profiles in Figure 6.44 can illustrate this. 
The auto-ignition temperature was almost similar for both tests but the Test D60 was 
died earlier (at lower temperatures). Apparently, the fuel availability was much higher 
in case o f Test M7 with Medium Heavy oil.
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Table 6.16: Initialization Parameters For The Tests D60 and M7
Parameter D60 M7
Sample Cell Mass (gm) 26 26
Sample Cell Type 4A 4A
Oil Volume cc (gm) 0.22 (0.18) 0.22 (0.20)
Oil Type D M
Water (gm) 0.50 0.50
Rock (gm) 5.93 5.93
Oil/Rock Ratio % (gm/gm) 3.02 3.39
Oil/Water Ratio (gm/gm) 0.36 0.40
Pressure (bar) 20 20
Air Flow Rate (cc/min) 120 120
Air flux (mVm^.hr) 15 15
Start Temperature (°C) 90 90
End Temperature C Q 480 480
Slope Sensitivity (°C/min) 0.02 0.02
Heat step Temperature (°C) 5 5
Wait Time (min) 10 10
Search Time (min) 10 10
End Searching Temp. (°C) 450 450
Phi factor 2.9 2.8
HLC Device FL5c FL5c
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Figure 6.44: Adiabatic Temperature Profile For Tests E1 and E6
Different behaviour than the previous tests ran at higher pressures was observed in the 
SHR profile, especially during HTO region. The self-heat rate profile for Test D60 is 
compared with Test M7, in Figure 6.45 below. It can be seen that the SHR plot exhibits 
two peaks the first corresponding to the low temperature oxidation (LTO) and the
second to the high temperature oxidation (HTO) reactions. Furthermore, the LTO peak 
for light oil is larger and at lower temperatures than the Medium Heavy LTO peak. The 
maximum self-heat rate was 45 °C/min at temperature 236 °C in Test D60 compared to 
maximum SHR 16.2 °C/min at temperature 297 °C in Test M7 for LTO peak. In the 
other hand, the oil M was more dominant during HTO region than the oil D. The 
maximum self-heat rate value during HTO region was 16.2 °C/min in Test D60 
compared to 28.1 °C/min in Test M7.
The respective maximum SHR values for LTO and HTO regions ratios for tests D60/ 
M7 were therefore 3 and 0.57, respectively. These ratios show that the maximum SHR 
value during LTO was tripled in case of oil D while the maximum SHR during HTO 
was doubled in case of oil M. The maximum temperature was also higher with oil M, 
the maximum temperatures for oils D and M were therefore 384 °C and 424 °C, which 
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Figure 6.45: Self-heat Rate Profile For Tests D60 and M7
Figure 6.45 shows how fuel availability correlates with crude-oil gravity in degrees
API. The results show a trend of decreasing fuel availability as the API gravity of the
crude oil increases. These observations are in agreement with the previous researchers.
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Kok (1997) found that the difference noticed between light oil (36.1 API), and the 
heavy ones (18 API) was that there was more heat evolution in the LTO region than 
there was at the HTO region for the lighter oil. The heavier oils had significantly more 
heat evolution in the HTO zone than in the LTO zone. Kok (1997) also observed a 
lower LTO starting temperature for the 26 °API medium oil (300 °C) than for the 14.95 
°API heavy oil (310 °C). They also noted that more fuel was formed in the MTO region 
of the heavy oil than was formed in the medium oil. The heavier oil also gave off more 
heat than the medium light oil during the HTO region in the DSC experiments. Ranjbar
(1995) observed a reduction in fuel deposition with light and medium oils compared 
with heavy oils, attributed to distillation o f the lighter fractions.
Hence, as expected, there was an inverse relationship between API gravity and both fuel 
availability and the amount of heat evolved. This is related to fuel concentration 
available for reaction increases with decrease in oil gravity because low API gravity has 
a low volatility, and hence there is more oil left unvaporize which can be consumed as a 
fuel. The amount o f heat generated by the LTO depends on the type o f crude oil. This is 
also the case with the ratio o f the heat generated at high and low temperatures. From 
Figure 6.45 one can see that crude oils D are more reactive at low temperatures than oil 
M, the latter is more reactive at high temperatures.
Table 6.17 shows that the EHTO/ELTO ratios for Tests D60 and M7 were 1.0 and 2.0, 
respectively. The EHTO and ELTO for light oil was almost identical but the Medium 
Heavy oil the ratio was doubled, which implies that higher energy evolved during HTO 
in Test M7.
It has generally believed that the heat generated by low temperature oxidation is 
inconsequential compared with that o f high-temperature oxidation. The SHR shown 
here indicate this may not be the case. A close look at Table 6.17 and Figure 6.45 this 
might not be justified. In fact most o f the crude oils tested during this study showed a 
significantly greater heat generations (marked by high SHR values) at the low oxidation 
temperature and it is more remarked for higher pressures tests i.e. 70 bar. This is 
discussed in the subsequent section. Speaking qualitatively, crude oils such oil D might 
be good candidates for air injection process even at low temperatures since is high 
reactive at low temperatures and enough heat could be generated to sustain a low- 
temperature combustion front. Dabbous and Fulton (1974) have concluded that high-
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API-gravity crudes are more susceptible to low-temperature oxidation because of their 
relatively high hydrogen content.
Estimation of the reaction kinetic parameters was made for LTO and HTO regions for 
both tests and the results are presented in Table 6.17 and Figure 6.46 and 6.47. An 
inspection of the reaction kinetics obtained for LTO region reveals that the Arrhenius 
kinetic values obtained with oil D are of greater magnitude than those for oil M. The 
general trend for the HTO region is the opposite of that seen in the LTO region, with the 
kinetic parameters being lower in magnitude with light oil. This means that the rate of 
temperature increase was higher with lower API gravity in the HTO region. This 
illustrates the importance of examining each of these regions separately as different 
effects could occur for each one. The difference between the reaction kinetics for light 
and heavy oils have recognized by a number of researchers. Kisler and Shallcross
(1996) used an EGA analysis at low pressure found that the oxidation kinetics of a 40.2 
API crude was modelled using three competing reactions as opposed to the usual two 
found using heavy oils. They also found that the LTO in light oils resulted in the 
production of carbon oxides, which did not happen for heavy oils. Hughes et al. (1987) 
report lower activation energies for light oils than for heavy oils with other 
experimental conditions being the same. Kok and Karacan (1998) found that as crude 
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For LTO Region (Tests D60 & M7)
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Table 6.17: Summary of Experimental results For The Tests E1 and E6
Parameter \ Experiment D60 M7
LTO HTO LTO HTO
Thermal inertia (<j>) 2.9 2.9 2.8 2.8
Onset Temperature (°C) 119 265 116 345
Final Temperature ( C) 264 384 344 424
Self-heat Rate at onset (°C/min) 0.03 - 0.07 -
Auto-ignition Temperature (°C) 192 - 196 -
Maximum Self-heat Rate (C/min) 45 16.2 15 28.1
Temperature at Maximum SHR (°C) 236 297 290 402
Reaction Time (min) 207 11.5 211 8
(<t>)-Corrected Heat Of Reaction (J/g) 200 211 215 434
Order of Reaction with respect to fuel 1 1 1 1
Activation Energy (kj/mol) 118 54 84 184
Arrhenius Frequency Factor (1/sec) 3.40E+09 210 1.57E+07 3.2E+12
Figures 6.48 and 6.49 show representative EGA data for experiment runs with light and
medium heavy crude oils respectively. The plot below shows that oxygen uptake
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becomes significant at a temperature of 190 °C for both experiments. For both oils, 
there are two apparent peaks in the oxygen uptake and production of carbon oxides at 
different temperatures; for light oil, the first and second peaks were at 250 °C and 
325°C, while the medium heavy peaks were at 300 °C and 388 °C, respectively. The 
shift of two oxygen consumption peaks for higher temperature levels with medium 
heavy oil was noticed. The maximum carbon dioxide during LTO period was 2.1 and
4.8 mole percent and the carbon monoxide was 1.0 and 1.5 mole percent for D60 and 
M7, respectively. The maximum carbon dioxide during HTO period was 6.4 and 9.7 
mole percent and carbon monoxide was 1.7 and 2.0 mole percent for D60 and M7, 
respectively. In contrast, the carbon oxides generation for medium heavy oils was 
higher than light oil for both regions but were shifted about 80 °C to higher temperature 
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Figure 6.49 Gas Composition Profile For TestM 7
The declining of CO2 and CO trends and sharp rise in the oxygen level at temperatures 
384 °C and 424 °C in tests D60 and M7, respectively, shows that the combustion 
process died after depletion of fuel at lower temperature compared to the medium heavy 
oil. This is further evidence by a gradual decline in the SHR trend in case of light oil 
and sharp decline in the SHR level for medium heavy oil at this time. This is shown in 
Figures 6.50 and 6.51. These Figures show the relationship between the oxygen 
consumption and the self-heat rates for both tests. The maximum oxygen consumption 
during LTO period was 8.6 and 9.2 mole percent and during HTO was 10.9 and 10.4 
mole percent for D60 and M7, respectively. The comparison between the two 
experiments reveals that the amount o f oxygen consumed almost identical but as 
mentioned above the two peaks were occurred at lower temperature levels in case of 
light oil.
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Another important observation can be made from the Figures 6.50 and 6.51 that the 
oxygen consumption recorded during the reaction was not consistent with the heat rate 
produced as indicated by the SHR values. Figure 6.50 illustrates that light oil D showed 
high heat generation at low temperatures in spite o f the oxygen consumed was higher in 
the HTO region whereas the Medium Heavy M featured a high generation rate at higher 
temperatures. To illustrate this observation, the ratio of maximum SHR to maximum 
oxygen utilisation during LTO was 1.2 and 0.35 and for HTO region was 0.31 and 0.59 
for tests D60 and M7, respectively. Apparently the ratio was higher for light oil during 
LTO but lower during HTO compared to oil M.
It is worth emphasising that this observation cannot be used as an all-descriptive for 
light oils as this experiment was carried out at low pressure. During this research the 
pressure has proved to be very important parameter and cannot be neglected and both 
oxygen consumption and heat generation rate were intensified with higher pressures. 
However, it is generally true that the low gravity, high viscosity crude tend to fall in the 
trend similar to that observed for oil M as most these reservoirs be likely to have low 
pressure.
It was also observed from Figures 6.50 and 6.51 that the NTGR was much remarkable 
for oil M compared it to the oil D. The oxygen consumption drops from 8.6 to 7.3 mole 
percent for light oil while it drops from 9.2 to 4.1 mole percent for Medium Heavy oil. 
These results confirms the previous observation by Moore et al. (1999) that the 
significance o f this region particularly for the oxidation o f Heavy oil. The detailed 
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Figure 6.51: Oxygen Consumption, Self-heat Rate and Temperature
Versus Time For Test M7
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Figures 6.52 and 6.53 present that the oxygen consumption and total carbon oxides 
produced for Tests D60 and M7, respectively. Differences in oxygen consumption and 
carbon oxides production at lower temperature levels for both tests indicate that some 
oxygen is consumed in other reactions under LTO conditions. At high temperatures, the 
HTO region, nearly all o f the oxygen is consumed to produce carbon oxides and the 
combined production o f carbon oxides was equal to oxygen consumption. The ratio 
between O2 consumed and carbon oxides being nearly constant ranged from 1.0 to 1.2 
at high temperatures for both tests indicates that carbon oxides are being produced by 
the same reaction.. It was noticed that the difference between the oxygen consumed and 
carbon oxides produced ratio during LTO region was higher with light oil compared to 
heavy oil. These observation would appear to agree with the literature (Dabbous and 
Fulton, 1974; Lukyaa et al., 1994), their results indicate that light crude oil are more 
susceptible to partial oxidation at low temperature than heavy oil, because o f their 
relatively high hydrogen content. Most o f the reacted oxygen is consumed by hydrogen 
and hydrocarbon oxidation reactions rather than by carbon oxidation. Bagsi et al. (1987) 
observed that in high temperature oxidation, the amount o f consumed oxygen was 
increased with increasing API gravity o f crude oils. For all crudes, the amount o f  
consumed oxygen is greater than the produced carbon oxides at low temperature, which 
is a characteristic o f LTO reaction. This was confirmed by calculating the apparent H/C 
ratio for both experiments as shown in Figures 6.54 and 6.55. It shows that the apparent 
H/C ratio can be represented by two regions; values ranging from 26 to 3.5 and 15-2.5 
at the LTO peak, whereas at the HTO region the apparent H/C ratios were typically in 
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Figure 6.52: Oxygen Consumed & Total Carbon Oxides Produced
Vs Time For Test D60
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Figure 6.53: Oxygen Consumed & Total Carbon Oxides Produced
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Table 6.18: Summary of Experimental results For The E1 and E6
Parameter \ Experiment D60 M7
LTO HTO LTO HTO
Temperature Range (deg C) 190-264 265-384 190-344 345-424
Minimum 0 2 Produced (Mole %) 13.2 10.0 11.9 10.6
Maximum C02 Produced (Mole %) 2.1 6.4 4.8 9.7
Maximum CO Produced (Mole%) 1.0 1.7 1.5 2.0
Maximum 0 2 Consumption (Mole %) (02c)max 8.6 10.9 9.25 10.44
Temperature at (02c)max (°C) 236 308 300 388
Maximum 0 2 utilization (%) 37 52 43 49
Ratio of 02c/ (CO2+0.5CO) 6.5-2.0 1.2 4.1-1.2 1.0
(H/C) Range 26.0-3.5 0.1 15-2.5 0.08
m-Ratio 0.4-0.27 0.26-0.10 0.4-0.24 0.23-0.16
The energy evolved and consequently oxygen consumption during HTO region is 
clearly pronounced the process for the Maya oil, which indicates the propensity of this 
crude oil for fuel deposition. In contrast, the light North Sea oil because of its reactivity 
with oxygen at low temperature, the first SHR peak is much higher than the second 
peak. This true in low-pressure conditions but at higher pressures this may not justified. 
Although the same considerations apply to both light and heavy oils, one should keep in 
mind that two positive factors exist for heavy-oil in-situ combustion. First, heavy oils 
release considerably more heat in the HTO than in the LTO reaction. Second, the 
usually high and continuous oil saturations encountered in heavy-oil reservoirs ensure 
operation in the HTO mode once the process is started by high temperature, forced 
ignition. Lean zones, however, could present difficulties, if the LTO to HTO transition 
is discontinuous (Yannimaras and Tiffin, 1995: Moore et al., 1998) as have seen in the 
results obtained for oil M above. In the other hand, this is not the case for high-pressure 
light oil, where the process can re-ignite spontaneously and the process can sustain itself 
in the reservoir.
6.7 PRESSURE
Pressure is an important parameter on the frontal behaviour because of a combination of 
the effect of partial pressure of oxygen, P0 2 , on these reactions and the effect of pressure 
on distillation especially for light oil. As was discussed in chapter 2 in the commercial 
projects, the high-pressure air injection into deep light oil reservoir have proved to be 
applicable as an improved oil recovery. Most of these field projects are high-pressure
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reservoirs; therefore, a part from this work was an investigation of the effect of total 
pressure on exothermicity and oxygen utilisation efficiency.
The effect of pressure can be divided into two separate categories: firstly, the total 
system pressure effect and secondly, the partial pressure effect of oxygen. The second 
parameter has not investigated during this study and only the total pressure effect was 
investigated. To examine the effect of this parameter on exothermicity characteristics 
and oxidation reaction of light oils, two sets of experiments carried out using different 
light oils. The initialization parameters for the first set of experiments D60 and D61 and 
the second set E6, E7 and E10 are listed in the Tables 6.19 and 6.20. As can be seen in 
the Tables below, the total pressure was varied while the experimental conditions were 
kept unchanged including the initial amounts of oil, water and rocks.
Additional experiments on oil E were conducted in order to verify the above result on 
different pressures and providing the effluent gas data. Note that the OAV/R ratio and 
air flux were kept unvarying for all runs as well as the <J> factor in order to eliminate the 
effect of these parameters on exothermicity trend.
Table 6.19: Initialization Parameters For The Tests D60 and D61
Parameter D60 D61
Sample Cell Mass (g) 26 26
Sample Cell Type 4A 4A
Oil (gm) 0.18 0.18
Oil Type D D
Water (gm) 0.50 0.50
Rock (gm) 5.93 5.93
Oil/Rock Ratio % (gm/gm) 3.00 3.00
Oil/Water Ratio (gm/gm) 0.36 0.36
Pressure (bar) 20 70
Air Flow Rate (cc/min) 120 120
Air flux (m3/m2.hr) 15 15
Start Temperature (°C) 90 90
End Temperature CC) 480 480
Slope Sensitivity (°C/min) 0.02 0.02
Heat step Temperature (°C) 5 5
Wait Time (min) 10 10
Search Time (min) 10 10
End Searching Temp. (°C) 450 450
Phi factor 2.9 2.9
HLC Device FL5e FL5e
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Table 6.20: Initialization Parameters For The Test E7, E6 and E10
Parameter E7 E6 E10
Sample Cell Mass (g) 26 26 26
Sample Cell Type 4A 4A 4A
Oil (gm) 0.19 0.19 0.19
Oil Type E E E
Water (gm) 0.50 0.50 0.50
Rock (gm) 5.93 5.93 5.93
Oil/Rock Ratio % (gm/gm) 3.12 3.12 3.12
Oil/Water Ratio (gm/gm) 0 37 0.37 0.37
Pressure (bar) 20 70 100
Air Flow Rate (cc/min) 120 120 120
Air flux (m3/m2.hr) 15 15 15
Start Temperature (°C) 100 100 100
End Temperature (X) 480 480 480
Slope Sensitivity (°C/min) 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5
Wait Time (min) 10 10 10
Search Time (min) 10 10 10
End Searching Temp. (°C) 450 450 450
Phi factor 2.8 2.8 2.8
HLC Device FL5c FL5e FL5e
Increase of total system pressure with a constant oxygen concentration at the inlet will 
increase the partial pressure of oxygen at elevated pressures, and thus the effect of both 
variables may be existed. The most obvious effect of total system pressure should be on 
volatility of the components of crude oil. At higher pressures, the volatility will be 
smaller than at atmospheric pressures, and consequently the distillation of crude is 
suppressed.
Graphs showing the data obtained from the experiments and the resulting analysis data 
are shown below (Figures 6.56) for experiments D60 and D61. This compare the 
difference between the results acquired for experiments with similar amount of reactant 
at 70 bar and at 20 bar. It is important to state that these experiments were done with not 
much variation in pressure the results remain to be confirmed by other tests carried out 
at higher pressure up to 350 bar. Moreover, the effect of pressure over a range of 20 to 
70 bar is too low for deep light oil reservoirs.
The Figure 6.56 illustrates that the rate of low temperature reaction before auto-ignition 
appears unaffected by the pressure (based on unchanged onset temperature and the 
magnitude of SHR) and the corresponding heat generation increased only slightly. On
the other hand, the overall LTO including auto-ignition period and high temperature 
reactions revealed rate enhancement accompanied by an apparent increase in the SHR 
values.
It is interesting to note that as pressure decreases, the rate o f heat generated at both 
region low and temperatures also decreases. Also, the maximum peak temperature shifts 
to higher temperatures as the pressure increases. At 20 bar test there is no abrupt self­
heat rate at LTO region. Instead, the self-heat rate is more gradual during LTO region 
and it is complete at lower temperatures. The other observation can be made is that the 
negative temperature gradient (NTGR) is apparent in the 20 bar test while this region is 
disappeared or bridged in the 70 bar test. This region in the low-pressure test can be 
seen clearly in linear plot (Figure 6.50). The HTO region at high-pressure tests often 
exhibit a very noticeable flatting out o f the SHR during HTO and becomes insensitive 
to temperature while the HTO peak was noticed after the NTGR period in low-pressure 
tests.
These results demonstrate that pressure plays an important role and for the 
oil/water/sand mixture illustrated in these figure, increasing pressure gives a greater 
self-heat rate while the distinction between separate LTO and HTO regions disappears 
at the high pressures. The maximum self-heat rate was reduced from 680 °C/min to just 
45 °C/min and the average self-heat rate value during HTO region reduced from 16.4 
°C/min to 8.9 °C/min for Tests D61 and D60, respectively. The respective maximum 
SHR value and average SHR during HTO period ratios for Tests D61/D60 were 
therefore 15.1 and 1.84, respectively. The maximum temperature was also reduced from 
393 °C to 384 °C, which means the test D60 at lower pressure, dies earlier than D61. 
This behaviour was confirmed by repeat flowing tests on light oil E, the results 
discussed below.
Data obtained from experiments E6, E7 and E10 are shown below (Figure 6.57) for. 
The Figure presents that the similarity in the onset o f reaction and self-heat rate values 
before auto-ignition period during low temperature oxidation (LTO) for experiments at 
20 and 70 bar runs. However, the major difference was in the test at 100 bar, the onset 
of reaction was detected at 92 °C compared to 115 °C in Test E6 and 121 °C in test E7. 
This imply that the high pressure has shifted the onset o f reaction to lower temperature 
as well as intensify the energy evolved during temperature range 92 °C and 160 °C.
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This consequently accelerate the auto-igniting temperature which occurred at 175 °C 
compared to 188 °C in the 70 bar test and 207 °C in the 20 bar test.
The self-heat rate values for Test E10 are compared with E6 and E7, Figure 6.57 below. 
Higher pressure unmistakably enhanced the oxidation reactions and consequently 
intensifies the SHR values. There is a clear reduction o f self-heat rate values for all 
reaction regions due to the reduction o f total pressure.
The maximum self-heat rate was reduced from 511 °C/min in Test E l0 to 261 °C/min 
in the Test E6 and further reduced to 26.5 °C/min in the Test E6. The respective 
maximum SHR ratios for tests E10/E6 and E10/E7 were therefore 1.95 and 19.2 times, 
respectively.
The NTGR was again noticed for the 20 bar test only as seen in oil D above. This 
region can be seen clearly in Figure 5.46. The results confirm that the pressure has a 
definite impact on the NTGR, which was disappeared for the higher pressure tests 70 
and 100 bars.
The average self-heat rate value for HTO region was also strongly affected by reducing 
the total pressure, the average SHR was reduced from 19.7 °C/min in Test 10 to 13.8 
°C/min in Test E6 and further reduction to 7.57 °C/min in Test E7. The HTO region 
occurs until a temperature o f 478 °C, 422 °C and 380 °C for tests E10, E6 and E7, 
respectively, is attained, when complete combustion o f the residue may be assumed to 
have occurred. Significant features o f these results are the increase o f heat-evolved rate 
in both zones, with a particularly large increase in the HTO exotherm area. Also, 
increase o f pressure causes this exotherm to move to higher temperatures before final 
bum-off is achieved.
There is a consistent trend between the increase in maximum temperature and the total 
pressure. This difference could be more fuel available during the high-pressure 
experiment, while the fuel was depleted before reaching higher temperatures in case of 
lower-pressures tests. This was confirmed by calculating the amount o f energy evolved 
during HTO region per gram o f reactants. Table 6.21 shows an increase in the ratio of  
EHTO as the pressure increased. The EHTO ratio for Tests D61/D60 was 1.1 and the 
EHTO ratios for E10/E7 and E10/E6 were 1.33 and 1.82 respectively. Hence, the 
comparison undoubtedly expresses the magnitude o f energy evolution during HTO 
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The effect of pressure on combustion reaction and exothermic characteristics has been 
realized by a number of researchers. Bae (1977) studied the effect of pressure using 
DTA and TGA at high temperatures and pressures from atmospheric to 70 bar. Bae 
observed that the result were oil specific, but in general increase in pressure causes the 
low temperature heat generation to increase and the oxidation starts at a higher 
temperature as the pressure is decreased. Yoshiki and Phillips (1985) using similar 
apparatus (DTA and TGA) concluded that both LTO and HTO oxidation rates increased 
with pressure, as did exothermicity of each.
Hughes et al. (1987) in DSC experiments at atmospheric pressure noticed that an 
increase of oxygen partial pressure caused a reduction in the activation energy of the 
coke oxidation. Belkharchouche et al. (1988) and Lukyaa et al. (1994) observed, using 
the same apparatus (high pressure DSC) to obtain information on the magnitude and 
rate of heat changes accompanying combustion of oil and oil core samples. They 
concluded from the experiments that the overall exothermicity of combustion increases
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with increasing total pressure and with oxygen partial pressure up to 34% oxygen, this 
effect stopped at concentrations greater than 40 %. Kok (1997) found in their DSC cell 
that an increase in total pressure results in an increase in the heat evolved by the heavy 
crude oil (18.5 API) for liquid combustion. A general trend o f decreasing activation 
energy with increasing pressure was also reported. Rashidi and Bagci (1991) also 
noticed increasing fuel deposition with increasing pressure and attributed it to the 
pressure effect on the volatility o f the oil components. Abu-Khamsin et al. (1988) found 
that the operating pressure affected the fuel deposition through the influence exerted on 
distillation, as less material is distilled at higher pressures. Yoshiki and Phillips (1985) 
studied low and high temperature oxidation rates and found that they increased with 
pressure as well as their exothermicities.
Yannimaras and Tiffin (1991) and (1997) revealed that air injection is applicable in 
high-pressure light oil reservoirs. It is seen that these processes are more likely to occur 
or occur more significantly at higher reservoir temperatures and pressures and the fuel 
deposition increased as pressure was increased. The major field implication o f higher 
pressures was noticed to be the need to operate at higher air injection rates to sustain the 
combustion. It is possible that there is insufficient fuel at the combustion front as the 
pressure increases since the increased pressure contributes to increasing oil 
displacement through several mechanisms. Tiffin and Yanimaras (1997) have 
investigated the effect o f pressure on the HPAI process. In this investigation, light oil 
8.66 gm/cc was used. Six runs were performed in a combustion tube, using both a 
natural rock (reservoir rock) and a Torpedo rock (non-reservoir rock). The main 
conclusions obtained from these tests were: A clear combustion front was propagated, 
with a steady peak temperature o f between 400 and 450 °C, and it was higher for the 
natural reservoir rock.
The oxygen utilization was 80-95%. The H/C apparent ratio was normal, with the 
exception o f four tests for which it was 2.25-3.1, showing more intensive LTO reactions 
downstream o f the combustion front. The higher-pressure tests tended to exhibit a more 
developed steam plateau. The major conclusions o f this investigation were the need to 
operate high-pressure runs at high injection rates (high air flux). Attempt to run these 
tests at low rates resulted in lower peak temperature, early oxygen breakthrough and an 
inability to propagate the ISC front. Other investigators have disagreed with the 
favourable effect o f pressure and shown the pressure has no effect or even a negative
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effect on oxygen consumption. Ren et al. (1998) observed from a small batch reactor 
(SBR) experiments that in the presence of crushed reservoir core, the LTO reaction rate 
for light oils at low temperatures (100 to 140 °C) is not significantly affected by the 
total or oxygen partial pressure when the amount of oil is in excess. It was also found 
that high pressure does not increase the LTO rate, and would result in a higher required 
injection rate. Al-Saffar et al. (2000) and Kazi et al. (1999) using same experimental 
equipment (High-pressure DSC), the results of experiments carried on four light oils 
indicated a decrease in oxygen consumption as total pressure was increased. Hughes et 
al. (1987) reported similar results. This was attributed to a reduction in the amount of 
carbon burned at critical pressure, due to a reduction in fuel deposition. Other factors 
included an increased mobility of the crude oil due to high pressure as well as severe 
channeling.
Thus, for the range of high pressure, there is interplay between two opposite effects, 
mainly less vaporization for light ends immediately downstream of the combustion 
front and better displacement of the oil ahead of the combustion front.
Estimation of the reaction kinetic parameters was made for LTO and HTO regions for 
all tests conducted with oil D and E and the results are presented in Table 6.22. An 
inspection of the reaction kinetics obtained for LTO region reveals that there was no 
general trend for the Arrhenius kinetic values obtained with the change in pressure. 
However, comparing the 20 bar and 70 bar tests for both oil show that the general trend 
for the HTO region is the opposite of that seen in the LTO region, with the kinetic 
parameters being lower in magnitude with low pressure tests in the LTO region.
Table 6.21: Summary of Experimental results For The Tests 60 and D61
Parameter \ Experiment D60 D61
LTO HTO LTO HTO
Thermal inertia (<t>) 2.9 2.9 2.9 2.9
Onset Temperature (°C) 119 265 121 280
Final Temperature (°C) 264 384 279 393
Self-heat Rate at onset (°C/min) 0.03 - 0.022 -
Auto-ignition Temperature (°C) 192 - 180 -
Maximum Self-heat Rate (C/min) 45 16.2 680 -
Temperature at Maximum SHR (°C) 236 297 236 -
Average SHR during HTO region ( C/min) - 8.9 - 16.4
Reaction Time (min) 207 11.5 218 9
(<J>)-Corrected Heat Of Reaction (J/g) 409 338 420 346
Order of Reaction with respect to fuel 1 1 1 1
Activation Energy (KJ/mol) 118 54 225 34
Arrhenius Frequency Factor (1/sec) 3.40E+09 210 1.15E+21 2.8
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Table 6.22: Summary of Experimental results For The Tests E7, E6 and E10
Parameter \ Experiment E7 E6 E10
LTO HTO LTO HTO LTO HTO
Thermal inertia (<|>) 2.8 2.8 2.8 2.8 2.8 2.8
Onset Temperature (°C) 122 268 115 268 92 276
Final Temperature (°C) 267 380 267 422 275 478
Self-heat Rate at onset (°C/min) 0.023 0.021 - 0.020 -
Auto-ignition Temperature (°C) 207 188 - 175 -
Maximum Self-heat Rate (°C/min) 26.5 15 261 - 511 -
Temperature at Maximum SHR (°C) 234 302 218 - 269 -
Average SHR (HTO region) (°C/min) - 7.57 - 13.8 - 19.7
Reaction Time (min) 154 27 332 18 207 15
(<|>)-corrected Heat Of Reaction (J/g) 411 317 427 435 509 579
Order of Reaction with respect to fuel 1 2 1 1 1 1
Activation Energy (KJ/mol) 98 42 225 34 96 -
Arrhenius Frequency Factor (1/sec) 1.05E+8 20.22 1.15E+21 2.82 6.05E+6 -
The variation of product concentrations resulting from the oxidation reactions are 
previously plotted in Figures 6.48, 6.39, 5.35 and 6.20 for the experiments D60, D61, 
E7 and E6, respectively, where the oxygen produced profile together with that of carbon 
oxides produced and temperatures are plotted vs. time. Unfortunately, the gas 
composition data for Test E 10 test could not be provided due to pressure leak occurred 
between the gas analyzers and backpressure regulator at the middle of the test.
The results of these Tests D60, D61, E6 and E7 were repeatedly discussed in the 
previous sections and in also in chapter 5. However, the results of these experiments are 
further analyzed and discussed in this section to explain the effect of pressure on 
oxidation reactions behavior. As listed in the Tables 6.23 and 6.24, for each oil tests 
were carried out at different pressures but the other experimental conditions were 
completely similar. The oxygen consumption profiles for 70 bar experiments for both 
oils show different behavior compared to low-pressure tests as shown in Figures 6.50, 
6.39, 6.22 and 5.39 for the Tests D60, D61, E6 and E7 respectively. It was noticed an 
excellent agreement between the two oils in terms of the effect of pressure on 
exothermicity behavior.
For both oils, the 20 bar tests presents two peaks of oxygen consumption separated by 
the NTGR while the 70 bar tests exhibited one oxygen consumption peak without the 
NTGR. This phenomenon was discussed previously in details in section 5.6 what it has 
not been addressed is that which peak was disappeared LTO or HTO at elevated 
pressures.
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From the gas composition and combustion parameters it is possible to identify which 
reaction becomes a dominant as explained earlier in chapter 5. The trend o f self-heat 
rate profile corresponding to the change in the amount o f oxygen consumed and carbon 
oxides produced as discussed above. The gas composition data and combustion 
parameters for all tests are summarized in Table 6.23 and 6.24. The care inspection o f  
these parameters reveals that the LTO reaction was disappeared at lower temperature in 
case o f higher total pressure and the combustion reactions becomes dominant from as 
low temperature as 220 °C. As the similar trend was observed for both oils therefore, 
the experiments results with oil D only will be discussed in the remainder of this 
section.
Figure 6.50 show that the oxygen consumption for Test D60 increased to 8.6 mole 
percent then decreased to approximately 7.2 mole percent. The oxygen consumption, 
followed closely by the SHR, started again to increase to 10.9 mole percent makes the 
second peak. Figure 6.50 clearly show a region o f low energy generation and the 
relative oxygen uptake rates over the temperature range between 250 and 270 °C.
Test D61 had only a one oxygen uptake peak and the NTGR was disappeared, the 
maximum O2 uptake was 17.6 mole percent as shown in Figure 6.39. The respective 
maximum oxygen consumption ratio for D61/D60 was therefore 1.62 times.
Oxygen utilisation was also compared for both oils and plotted in Figures 6.58 and 6.59. 
The Figures demonstrate the effect o f pressure on oxygen consumption for the two sets 
of experiments. The clear observation is that the amount o f oxygen consumed in all 
reactions is greater at the higher pressure. The Figure 6.58 shows that the maximum 
oxygen utilisation o f about (81%) for test D61 compared to (52%) maximum utilisation 
at the experiment D60. Therefore, the respective oxygen utilization was therefore 29% 
higher in the 70 bar test.
Similar trend was observed for the carbon oxides produced. The maximum carbon 
dioxide concentrations for D61 and D60 tests were 6.4 and 9.4 percent, respectively, 
and maximum carbon monoxide concentrations were 1.7 and 4.0 mole percent. The 
increased oxygen consumption and greater production o f CO2 and CO at lower 
temperatures for the higher pressure indicates the oil reactivity with oxygen is 
enhanced. The products o f LTO reactions of the high-pressure tests showed a high 
concentration o f carbon oxides, which indicates that a significant amount o f oxygen 
consumed was utilized to form theses carbon oxides (around 86%) for Test D61.
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Results indicate that oxygen consumed increases with increasing operating pressure. 
This implies that increasing the pressure bums more fuel; which is due to the effect o f 
pressure on volatility and so fuel availability would increase. This also suggests that 
distillation might be the dominant mechanism for fuel deposition for light oil reservoirs. 
Figure 6.52 shows the oxygen consumed and total carbon oxides produced against time 
for the 20 bar test at high temperatures (about 325 °C), the amount o f consumed oxygen 
is comparable to the amount o f produced carbon oxides (i.e., CO2+O.5 CO). However, at 
low temperatures, the oxygen consumed is greater than the carbon oxide produced and 
the values ranged from 6.5-2.0. The difference in oxygen consumption and carbon 
oxides production indicates that some oxygen is consumed in other reactions under 
LTO conditions. Similar trends were observed for m-ratio and H/C as shown in Table 
6.23. Figure 6.54 shows that the apparent H/C ratio can be represented by two regions; 
values ranging from 26 to 3.5 at the LTO peak, whereas at temperatures greater than 
320 °C (HTO region) apparent H/C ratios were typically in the range 0 to 1.
However, different trend for combustion parameters was observed in the 70 bar test as 
mentioned above the two regions have emerged into a composite exotherm extending 
from about 220 °C to the end o f the test. The amount o f consumed oxygen is 
comparable to the amount o f produced carbon oxides and was reasonably constant 1.2. 
This was verified by calculating the m-ratio and H/C as shown in Table 6.23. The m- 
ratio and apparent H/C ratios were typically in the range 0.0 to 0.3 and 0.0 tol.0, 
respectively. These values confirm that the oxygen addition reaction disappeared at 
lower temperatures i.e.<220 °C compared to low pressure experiment.
Based on these experimental results, it can be concluded that increasing the operating 
pressure caused a significant rise in the self-heat rate, increase in the oxygen uptake and 
disappearance o f NTGR. This means that both regions LTO & HTO were merged at 
higher pressures and SHR profile exhibited smooth transfer to HTO region. This 
attributed to acceleration o f combustion reaction and disappearance o f LTO reactions at 
lower temperature levels compared to lower pressure tests.
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Table 6.23: Summary of Gas Composition for Tests D60 and D61
Parameter \ Experiment D60 D61
LTO HTO
Temperature Range (deg C) 190-264 265-384 190-393
Minimum O2 Produced (Mole %) 13.2 10.0 3.8
Maximum C 0 2 Produced (Mole %) 2.1 6.4 9.4
Maximum CO Produced (Mole%) 1.0 1.7 4.0
Maximum 0 2 Consumption (Mole %) (0 2 c)max 8.6 10.9 17.2
Temperature at (0 2 c)max (°C) 236 308 358
Maximum 0 2 utilization (%) 37 52 81
Ratio o f 0 2 c / (CO2+0.5CO) 6.5-2.0 1.2 1.0-1.5
(H/C) Range 26.0-3.5 0.1 0-1
m-Ratio 0.4-0.27 0.26-0.10 0.0-0.3
Table 6.24: Summary of Gas Composition for Tests E7 and E6
Parameter \ Experiment E7 E6
LTO HTO
Temperature Range (deg C) 211-267 268-395 200-422
Minimum 0 2 Produced (Mole %) 13.5 11 7.2
Maximum C 0 2 Produced (Mole %) 2.1 6.4 7.84
Maximum CO Produced (Mole%) 0.9 1.7 2.2
Maximum 0 2 Consumption (0 2 c)max 8.0 10.1 13.7
Temperature at (0 2 c)max 246 301 336
Maximum 0 2 utilization (%) 35 47 66
Ratio o f 0 2 c / (CO2+0.5CO) 5.2-2.2 1.6-0.7 2-0.8
(H/C) Range 20-2.4 0.2 4-0.08
m-Ratio 0.4-0.25 0.25-0.10 0.30-0.04
The pressure is expected to have a positive effect for the air injection process, i.e. auto­
ignition occurs at lower temperature and more fuel is available to sustain the 
propagation of the combustion front. Clearly, oxygen consumption decreases as the 
pressure decreases during low and high temperature oxidation. As it is not possible to 
extrapolate the results of this study to these elevated pressures (deep light oil reservoirs 
up to 400 bar).
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6.8 EFFECT OF AIR FLUX
Air injection rate greatly affects both the oil recovery and thermal behavior o f the 
process. The influence o f air injection rate on the thermal behavior in the reservoir is 
complex. A high air influx not only increases the temperature in the reaction zone, but 
also increases the velocity o f both the thermal and gas displacement fronts. In addition, 
as the air injection rate increases, oil breakthrough time is reduced, and total liquid 
production is increased. Hence, the minimum air injection rate and minimum air-oil 
ratio (AOR) needs to be determined for specific field conditions. Accordingly, in the 
experimental conditions, reducing the amount o f oil in the test cell would reduce the 
amount o f oxygen required for the reaction.
Different air injection rates were tested during this study for two reasons: firstly, to 
optimize the experimental condition in terms o f maintaining excess o f oxygen during 
the experiment, secondly to examine the effect o f air flux on exothermicity 
characteristics. The former was discussed previously in chapter 5 and the second 
purpose is discussed in this section.
To examine the effect o f this parameter on exothermicity characteristics and oxidation 
reaction o f light oils, two sets o f experiments carried out using oils D and E. The 
initialization parameters for the two sets o f experiments D59, D63 and D64, and the 
second set are E l and E4 are listed in the Tables 6.25 and 6.26.
Three experiments were performed with the oil D and respective crushed reservoir core 
at pressures 70 bar (Table 6.25). In these experiments, about 0.21 gm of the oil, 0.59 gm 
water and 5.62 gm crushed core mixture was loaded into the sample cell. The mixture 
was carefully prepared so that when tamped into the sample cell, the oil and water ratio 
and oil rock ratio were 0.36+/- 0.2 % and 3.72 +/- 1.0%, respectively. Once the sample 
cell was in place, air was injected at rates o f 16,48 and 120 cc/min for Tests D63, D64 
and D59, respectively while the PHI-TECH searching for any exothermic activity. The 
second sets o f experiments were performed with oil E at 70 bar. The airflow rates were 
varied and the amount o f oil/water ratio and oil/rock ratio were kept unchanged. Two 
different air injection rates were tested, namely, Test E4 32 cc/min (4 m /m .hr) and 
Test El 120 cc/min (15 m3/m2.hr), see Table 6.26. The various experimental results 
including the exothermicity parameters, reaction times, energy evolved and reaction 
kinetic parameters are shown in Tables 6.27 and 6.28. The summarized gas composition 
data for tests E l and E4 are shown in Table 6.29.
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Table 6.25: Initialization Parameters for The Tests D59, D63 and D64
Parameter D59 D64 D63
Sample Cell Mass (gm) 26 26 26
Sample Cell Type 4A 4A 4A
Oil (gm) 0.21 0.21 0.21
Oil Type D D D
Water (gm) 0.59 0.59 0.59
Rock (gm) 5.62 5.62 5.62
Oil/Rock Ratio % (gm/gm) 3.72 3.72 3.72
Oil/Water Ratio (gm/gm) 0.36 0.36 0.36
Pressure (bar) 70 70 70
Air Flow Rate (cc/min) 120 48 16
Air flux (m3/m2.hr) 15 6 2
Start Temperature (°C) 90 90 90
End Temperature (X ) 480 480 480
Slope Sensitivity (°C/min) 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5
Wait Time (min) 10 10 10
Search Time (min) 10 10 10
End Searching Temp. (°C) 450 450 450
Phi factor 2.8 2.8 2.8
HLC Device FL15e FL5f FLla
Table 6.26: Initialization Parameters For The Test E1 and E4
Parameter El E4
Sample Cell Mass (gm) 26 26
Sample Cell Type 4A 4A
Oil (gm) 0.31 0.31
Oil Type E E
Water (gm) 0.36 0.36
Rock (gm) 5.93 5.93
Oil/Rock Ratio %  (gm/gm) 5.2 5.2
Oil/Water Ratio (gm/gm) 0.86 0.86
Pressure (bar) 70 70
Air Flow Rate (cc/min) 120 32
Air flux (mJ/m2.hr) 15 4
Start Temperature (°C) 100 100
End Temperature (X ) 480 480
Slope Sensitivity (°C/min) 0.02 0.02
Heat step Temperature (°C) 5 5
Wait Time (min) 10 10
Search Time (min) 10 10
End Searching Temp. (°C) 450 450
Phi factor 2.9 2.9
HLC Device FL5e FLlb
The adiabatic temperature profile of experiment D59 (120 cc/min) was compared with 
experiments D64 (48 cc/min), and D63 (16 cc/min). This is shown in Figure 6.60, it 














regions therefore they produce longer reaction time to reach same temperature. The 
onset of reaction was almost identical for all tests. In fact, several air injection rates 
were investigated during this research from 16 to 240 cc/min (2 to 30 sm3/m2.h). These 
changes aim to assessing the influence of the air flux on the onset of reaction and 
continuity between LTO and HTO regions. However, no direct correlation was made 
between the air injection rate and the ability to detect the reaction at lower temperatures 
and propagate to the HTO region (see section 5.6). However, it was observed that in 
high air flow rates the onset temperature of reaction might be delayed for a few degrees 
because the heat loss increases with increasing the airflow rate (see section 5.1).
The time required to reach the experimental maximum self-heat rate was 105 min in the 
Test D59 (the highest air flow rate ratio) compared to 285 min in the Test D64 and 456 
min in the Test D63, which shorter in case o f high air flow rate. Similar trend was 
observed for HTO region, the time required to reach maximum allowable temperature 
was 9.0, 18.5 and 71.0 minutes in tests D59, D64 and D63. The auto-ignition 
temperature was slightly delayed from 170 °C to 176 °C and further delayed to 184 °C 
in Tests D59, D64 and D63, respectively. The ignition was more rapid and violent with 
the higher airflow rate. Hence, the reaction time correlates with air flux and a general 
trend is the reaction rate increase with increase the airflow rate.
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Figure 6.60: Adiabatic Temperature and Pressure Profile For 
Tests D59, D64 & D63
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These observations confirmed by comparing the experimental results obtained from test 
E l (120 cc/min) with test E4 (32 cc/min) as shown in Figure 6.61. This clearly shows 
the unappreciable influence of reducing the airflow rate on the reaction rate. However, 
care inspection to original data file reveals that an excessive heat loss after the onset of 
reaction in Test E l has occurred this can be seen clearly in Figure 6.63 below. 
Obviously, the reaction time and self-heat rate values for the range 120-155 °C are not 
accurate and could not be used for any comparisons. Comparing the HTO, regions for 
both tests illustrate that the time was extremely longer to reach same temperature in test 
E4 than test E l.
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Figure 6.61: Adiabatic Temperature and Pressure Profile For Tests E1 & E4
Figure 6.62 presents the comparison between the self-heat rates for tests D59, D64 and 
D63. It can be observed from the Figure 6.62 that the self-heat rate intensified with an 
increase flow rate from 16 cc/min to 120 cc/min when everything else was held 
constant. The maximum self-heat rate was increased from 2.29 °C/min in Test D63 to 
278 °C/min in the Test D64 and further enhancement to 897 °C/min in Test D59. The 
respective maximum SHR ratios Tests D59/D64 and D59/D63 were therefore 3.22 and 
392, respectively. Similar trend was also observed for the HTO region, the average self­
heat rate values were 23.9 °C/min, 11.9 °C/min and 2.6 °C/min for Tests D59, D64 and
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D63. The respective average SHR ratios for tests D59/D64 and D59/D63 were therefore 
2.0 and 9.2, respectively. It appears that the increase of air flux correlates with the SHR, 
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Higher airflow rate unquestionably enhanced the self-heat rate values for auto-ignition 
period and HTO region this consequence is confirmed in the second set E l and E4. The 
self-heat rate profile for E l is compared with E4, in Figure 6.64 below. Apart from the 
first stage of exothermic profile where the heat loss affected the trend; the affect of air is 
remarkable for the rest of reaction regions.
There is a clear increase of self-heat rate values for both regions due to the increase of 
air flow rate. The maximum self-heat rate was stepped up from 254 °C/min in Test E4 
to 918 °C/min in Test E l. The average self-heat rate value for HTO region was also 
strongly affected by increasing the air flow rate, the average SHR was increased from 
4.6 °C/min in Test E4 to 21 °C/min in Test El.The respective maximum SHR and 
average SHR values during HTO region ratios for tests Eland E4 were therefore 3.6 
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Figure 6.64: Self-heat Rate Profile for Tests E1 and E4
Estimation of the reaction kinetic parameters was made for LTO region and the results 
are presented in Table 6.27 and Figures 6.65-6.67. Clearly increase in airflow rate 
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Figure 6.65: Pseudo-Rate Constant Vs Reciprocal Temperature 
For LTO Region (Tests D59, D63 and D64)
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Figure 6.66: Pseudo-Rate Constant Vs Reciprocal Temperature 
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Table 6.27: Summary of Experimental results For The Tests D59, D63 and D64
Parameter \ Experiment D59 D64 D63
LTO HTO LTO HTO LTO HTO
Thermal inertia (<t>) 2.8 2.8 2.8 2.8 2.8 2.8
Onset Temperature (°C) 130 283 121 259 120 282
Final Temperature ( C) 282 500 258 500 281 500
Self-heat Rate at onset Temp. (C/min) 0.021 - 0.02 - 0.022 -
Auto-ignition Temperature (°C) 170 - 176 - 184 -
Maximum Self-heat Rate (°C/min) 897 - 278 - 2.29 -
Temperature at Maximum SHR (°C) 279 - 231 - 213 -
Average SHR (HTO region) (°C/min) - 23.9 - 11.9 - 2.6
Reaction Time (min) 105 9 285 18.5 456 71
(<)>)-Corrected Heat Of Reaction (J/g) 417 619 383 615 447 552
Order of Reaction with respect to fuel 1 - 1 - 1 -
Activation Energy (KJ/mol) 274 - 241 - 116 *
Arrhenius Frequency Factor (1/sec) 6.20E+27 - 2.8E+23 - 1.0E+09 -
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Table 6.28: Summary of Experimental results For The E1 and E4
Parameter \ Experiment El E4
LTO HTO LTO HTO
Thermal inertia (4>) 2.9 2.9 2.9 2.9
Onset Temperature (°C) 113 284 112 247
Final Temperature (°C) 283 >500 246 >500
Self-heat Rate at onset (°C/min) 0.07 - 0.09 -
Auto-ignition Temperature (°C) 166 - 168 -
Maximum Self-heat Rate (°C/min) 918 - 254 -
Temperature at Maximum SHR (°C) 236 - 201 -
Average SHR (HTO region) (°C/min) - 21 - 4.6
Reaction Time (min) 207 11.5 373 52
((j))-Corrected Heat O f Reaction (J/g) 493 629 389 687
Order o f Reaction with respect to fuel 1 - 1 -
Activation Energy (KJ/mol) 193 - 149 -
Arrhenius Frequency Factor (1/sec) 2.40E+18 - 1.70E+13 -
The gas composition and temperature vs. time profile for Test E l and Test E4 are 
presented in Figures 6.30 and 6.68, respectively. Figure 6.68 below shows that the 
oxygen was consumed completely and the oxygen was limited during HTO region. 
Figure 6.30, in spite of the air flux was increased about 4 times in Test E l, the oxygen 
uptake curve show same general behavior as did Test E4. This reflects the higher 
oxygen uptake for oil E and the fact that both tests were oxygen limited during the 
period that the oxidation reactions propagated through the HTO region. The relatively 
high carbon oxides production at high airflow rate was measured. The CO2 content of 
the produced gases increased as the sample cell temperature increased and reached 
maximum value 14 mole percent at temperature 486 °C for Test E l and lower value 
11.1 mole percent for Test E4 at temperature 465 °C. The maximum carbon monoxide 
concentrations were 3.7 and 2.8 mole percent. The respective maximum carbon dioxide 
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Figure 6.68 Gas Composition Profile For Test E4
Table 6.29: Gas Composition Data For Tests E1 and E4
Parameter \ Experiment E l E4
Temperature Range (deg C) 170-500 180-500
Minimum 0 2 Produced (Mole %) 0.0 0.0
Maximum C 0 2 Produced (Mole %) 14 11.1
Maximum CO Produced (Mole%) 3.7 2.8
Maximum 0 2 Consumption (0 2 c)max 21 21
Temperature at (0 2 c)max 420-500 378-500
Maximum 0 2 utilization 100 100
Ratio o f  0 2 c / (CO2+0.5CO) 1.8-0.79 2.6-1.7
(H/C) Range 3.7-0.05 -
It appears from the results obtained from these experiments that the increase of air flux 
correlates with the SHR, the higher air flux the higher SHR will be. However, there 
would be critical flux in which an increase of air flux will not increase the SHR values. 
The analysis of these results also shows the need to know how much air to inject for a 
unit volume of oil in the reservoir. Injection of inadequate air will result in less energy 
evolution as can be seen by the above comparison. This could be unfavorable to the 
process if the thermal effect of the oxidation is important. Another way to view this
parameter is to directly relate it to the concept o f a minimum air-oil ratio. The concept 
of a minimum air flux has been used in previous investigations.
6.9 Evaluate the Potential of Air Injection Process on North Sea Light Oils
An initial screening methodology is required as a basis for determining whether air 
injection is a suitable improved oil recovery (IOR) technique to be applied in particular 
light oil reservoirs. Data obtained from the flowing PHI-TEC II experiment provides 
basic exothermic heat release data and computed reaction parameters. The candidate oil 
needs to exhibit desirable characteristics, such as favourable auto-ignition and a 
continuous exotherm.
The primary purpose o f this research was to modify the system to accommodate 
continues flow o f air, high pressures and to study the effect of oil/water/rock 
combinations on exothermicity characteristics as close as possible to real reservoir 
conditions. A detailed screening capability involving all the parameters affecting the 
process from laboratory to field case is outside the scope o f this work. However, an 
effort has been made to contribute to the methodology o f using adiabatic reactor to 
evaluate the oil potential for air injection process. The technique originally developed 
at the Amoco Production Research (Yannimaras and Tiffin, 1995), the principal o f this 
methodology was to determine, a prior, whether the oil would auto-ignite and sustain 
operation in the low temperature range, and estimate Arrhenius oxidation kinetics 
parameters to evaluate and predict field performance. Yannimaras pointed the 
importance o f continuity in the exothermic profile o f the crude oil from the start to end 
of the exotherm. He postulated that the oxidation would be trapped in the low 
temperature zone for oil that did not display this continuity.
For the purpose o f illustrate these procedures only, some o f experiments were also 
conducted on similar oil-water-rock combinations, pressure and air flux, for all light- 
oils reservoirs studied to screen and evaluate the potential o f the air injection process.
It is worth mention that these tests were conducted at medium pressures compared to 
the real reservoirs conditions due to experimental limitation. As has shown in the 
previous sections that the pressure has a significant effect on all screening guide 
parameters.
The initialization parameters for the sets o f experiments used to compare the 
exothermicity behavior at different oils are shown in Table 6.30. As can be seen in the
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Tables below, the type of oil and respective reservoir rock was varied while the 
experimental conditions were kept unchanged (see Table 4-1 for basic reservoir and 
fluid properties). The initial amounts of oil in the samples were: 0.22 cc and the 
corresponding O/R ratios were about 3.00-wt percentages for all runs. Note that the 
airflow rate, O/W and O/R ratios were relatively constant for all runs as well as the <j> 
factor in order to eliminate the effect of these parameters on exothermicity trend
Table 6.30: Initialization Parameters For The Tests A25, Au4, C12, D61 and E6
Parameter A25 Au4 C12 D61 E6
Sample Cell Mass (g) 26 26 26 26 26
Sample Cell Type 4A 4A 4A 4A 4A
Oil Volume cc (gm) 0.22(0.18) 0.22 (0.17) 0.22 (0.18) 0.22 (0.18) 0.22 (0.19)
Oil Type A Au C D E
Water (gm) 0.50 0.50 0.50 0.50 0.50
Rock (gm) 5.93 5.93 5.93 5.93 5.93
Oil/Rock Ratio % (gm/gm) 3.02 2.86 3.02 3.02 3.02
Oil/Water Ratio (gm/gm) 0.36 0.36 0.36 0.36 0.36
Pressure (bar) 70 70 70 70 70
Air Flow Rate (cc/min) 120 120 120 120 120
Air flux (m3/m2.hr) 15 15 15 15 15
Start Temperature (°C) 80 80 80 80 80
End Temperature ( C) 500 500 500 500 500
Slope Sensitivity (°C/min) 0.02 0.02 0.02 0.02 0.02
Heat step Temperature (°C) 5 5 5 5 5
Wait Time (min) 10 10 10 10 10
Search Time (min) 10 10 10 10 10
End Searching Temp. (°C) 450 450 450 450 450
Phi factor 2.8 2.8 2.9 2.9 2.8
HLC Device FL5e FL5e FL5e FL5e FL5e
The various experimental results including the exothermicity parameters, reaction
times, energy evolved and reaction kinetic parameters are shown in Tables 6.31 and
6.32. Figures 6.69, 6.71, 6.73, 6.34 and 5.19 for oils A, Au, C, D and E, respectively,
show the temperature behavior during the adiabatic tests. The heat rate profiles, giving
the exothermic characteristics of tested oils, are shown in logarithmic scale in Figures
6.70, 6.72, 6.74, 6.36 and 6.28 for oils A, Au, C, D and E, respectively. These curves
are important for further numerical simulations, to calculate the heat provided by the
oxidation reactions as a function of the temperature. The SHR curves for the oils A, C,
D and E tests show relatively a similar pattern and showed good ability of the oil to
react at low temperature oxidation while test with oil Au exhibits different behaviour.
The summarized gas composition data for all tests are shown in Table 6.31. The
evaluation guides to compare between the oil candidates are:
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(1) Onset of Reaction
The good candidate should exhibit the onset o f reaction preferably lower or as close as 
possible to the real reservoir temperature. However, as was discussed in earlier in 
chapter 5 that whilst the onset temperature is important in application o f air injection 
process into light oil reservoirs, it is very important onset temperature is understood not 
to be a simple number and thus should be quoted with further information describing 
the experiment.
In these tests, the onset o f reaction was 109 °C, 161 °C, 97 °C, 121 °C and 115 °C for 
Tests A25, Au4, C12, D61 and E6, respectively. The lowest reaction onset was detected 
for oil A.
(2) Auto-ignition Temperature
Auto-ignition phenomenon o f course would improve the economics o f the project as no 
external heater or igniter would be required. An important point to be made here is that 
while spontaneous ignition is very desirable both from standpoint o f process initiation 
and stability, the absence o f auto-ignition in a laboratory ARC test does not necessary 
predict the field performance because the reservoir is usually more adiabatic (Moore, 
2001; Fassihi, 1997). A system may auto-ignite in the reservoir, even if  it did not do so 
in the laboratory. This was also discussed in details in section 5.3.2.
The estimated auto-ignition was 184 °C, 202 °C, 169 °C, 180 °C and 188 °C for Tests 
A25, Au4, C l2, D61 and E6, respectively. The oil C again registered the lowest auto­
ignition temperature.
(3) Maximum SHR and Time To Maximum SHR
The maximum self-heat rate was 161.8, 15.7, 337, 680 and 261 for Tests A25, Au4, 
C l2, D61 and E6 respectively. The method calculated time to maximum SHR was 
discussed in section 5.5.3. In these experiments, the time to maximum rates could not 
estimated due to different onset o f reactions.
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(5) Continuity Between The LTO and HTO
The vital requirement in an assessment of the feasibility of the air injection process is 
whether the process is self-sustaining in terms of heat production in the reservoir. Oils 
that are potential candidates for air injection recovery processes are often screened by 
means of their oxidation characteristics; in particular, the kinetic of ignition process and 
the transition from low temperature to high temperature oxidation through what is 
known as the “negative temperature gradient region” (Yannimars and Tiffin, 1995; 
Moore et al.l 999). Apart from Australian oil, all the oils candidates tested here at 
medium pressures exhibited an excellent continuity from the onset of reaction to high 
temperature levels as can be seen in Figures 6.70, 6.74, 6.36 and 6.28. However, Figure 
6.72 reveals that Australian oil does not sustain the reaction during combustion region 
and in fact, the reaction was died before the combustion reaction has established.
This was confirmed from the gas analysis data. When the NTGR was stopped the 
reaction, care inspection to data file revealed that the HWS procedures after the NTGR
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showed a slight increase in the SHR data but less than the equipment threshold. This 
may indicate that a significant proportion of its hydrocarbon fraction had already been 
removed through distillation before the combustion region had commenced and has no 
or little hydrocarbon fractions remained after the LTO region. Indeed, physical post-test 
inspections revealed a high percentage about 40% from the oil originally placed in the 
sample cell was found in the condenser trap.
(6) Average SHR values during HTO Region and Maximum Temperature
The average self-heat rate was 16, 2.33, 20.5, 16.4 and 13.8 for tests A25, Au4, C12, 
D61 and E6 respectively. The maximum temperature was 472, 297, >480, 393 and 422 
°C for Tests A25, Au4, C l2, D61 and E6 respectively. The lower temperature and 
lower SHR values were observed in test with Au oil while the oil C had the highest 
maximum temperature among all oils.
(8) Reaction Kinetic Parameters
Estimation of the reaction kinetic parameters was made for LTO region and the results 
are presented in Table 6.31. The lowest activation energy for this comparison was 
observed for oil C while oil Au had the highest value.
Table 6.31: Summary of Experimental results For The Tests E7, E6 and E10
Parameter \  Experiment A25 Au4 C12
LTO HTO LTO HTO LTO HTO
Thermal inertia (<J>) 2.8 2.8 2.8 2.8 2.8 2.8
Onset Temperature t°C) 109 279 161 258 97 264
Final Temperature ( C) 278 472 257 297 263 >482
Self-heat Rate at onset (°C/min) 0.04 - 0.020 - 0.021 -
Auto-ignition Temperature (°C) 184 - 202 - 168 -
Maximum Self-heat Rate (°C/min) 161.8 - 15.7 - 337 -
Temperature at Maximum SHR (°C) 207 - 226 - 206 -
Average SHR (HTO region) (^C/min) - 16 - 2.33 - 20.5
Reaction Time (min) 193 14.5 193 30.6 475 7.5
(<t>)-Corrected Heat Of Reaction (J/g) 476 547 271 113 467 616
Order of Reaction with respect to fuel 1 - 1 - 1 -
Activation Energy (kJ/mol) 266 - 291 - 146 -
Arrhenius Frequency Factor (1/sec) 3.1E+26 - 3.8E+27 - 1.7E+13 -
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Table 6.32: Summary of Experimental results For The Tests E7, E6 and E10
Parameter \  Experiment D61 E6
LTO HTO LTO HTO
Thermal inertia (<f>) 2.8 2.8 2.8 2.8
Onset Temperature (6C) 121 280 115 268
Final Temperature fC ) 279 393 267 422
Self-heat Rate at onset (^C/min) 0.022 - 0.021 -
Auto-ignition Temperature (°C) 180 - 188 -
Maximum Self-heat Rate ( C/min) 680 - 261 -
Temperature at Maximum SHR (°C) 236 - 218 -
Average SHR (HTO region) (°C/min) - 16.4 - 13.8
Reaction Time (min) 218 9 332 18
(<j>)-Corrected Heat Of Reaction (J/g) 420 346 427 435
Order of Reaction with respect to fuel 1 - 1 -
Activation Energy (KJ/mol) 226 - 225 -
Arrhenius Frequency Factor (1/sec) 1.9E+21 - 1.15E+21 -
(9) Oxygen Utilization
The variation of product concentrations resulting from the oxidation reactions are 
shown in Figures 6.75, 6.76, 6.77, 6.39 and 5.21 for experiments A25, Au4, C12, D61 
and E6, respectively, where the oxygen produced profile together with that of carbon 
oxides produced and temperatures are plotted vs. time.
Oxygen uptakes and characteristic combustion parameters were also calculated. The 
results shows that good oxygen consumption is expected at temperature range 250-350 
C and the combustion parameters can be used for further numerical simulation with a 
thermal reservoir model as presented in Table 6.33.
The Table shows that the maximum oxygen utilisation of about (80%) for tests with oil 
A, C and D followed by (66%) maximum utilisation at the experiment with oil E while 
the Au oil had the lowest oxygen utilisation (30%) compared to the other candidates 
oils. The generation of the flue gas, in the experiments with oils A, C and D by 
oxidation processes at high temperature was very efficient in terms of CO2 production 
followed by oil E while the Australian oil generated lowest percentage of CO2 as shown 
in Figures 6.75, 6.76, 6.77, 6.39 and 5.21 and Table 6.33. This showed the potential of 
these oil reservoirs to generate a flue gas with a high CO2 content.
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The maximum carbon dioxide concentrations measured for experiments A25, Au4, 
C12, D61 and E6 were 9.5, 2.6, 11.7, 9.4 and 7.8 mole percent and maximum carbon 
monoxide concentrations were 4.0, 0.8, 3.0,4.0 and 2.2 mole percent, respectively.
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Figure 6.77 Gas Composition Profile for Test C12
(9) The Ratio Between Oxygen Consumed and Total Carbon Oxides Produced 
Apart from Au oil, all the other candidate oils tested in this section exhibit that the 
amount of consumed oxygen is comparable to the amount of produced carbon oxides 
(i.e., CO2+O.5 CO) as listed in Table 6.33 below.
Table 6.33: Gas Composition Data For Tests A25, Au4, C12, D61 and E6
Parameter \ Experiment A25 Au4 C12 D61 E6
Temperature Range (deg C) 190-472 202-295 183-482 190-393 200-422
Minimum 0 2 Produced (Mole %) 3.6 14.7 4.1 3.8 7.2
Maximum C02 Produced (Mole %) 9.5 2.6 11.7 9.4 7.84
Maximum CO Produced (Mole%) 4.0 0.77 3.0 4.0 2.2
Maximum 0 2 Consumption (Mole %) (02c)max 17.3 6.2 16.7 17.2 13.7
Temperature at (020),^  (°C) 339 244 431 358 336
Maximum 0 2 utilization (%) 83 30 80 81 66
Ratio of 02c/ (CO2+0.5CO) 1.4 3.3-1.3 1.6-1.2 1.0-1.5 2-0.8
(H/C) Range 2.6-1.3 15-1.4 2.6-1.3 0-1 4-0.08
m-Ratio 0.3-0.0 0.3-0.15 0.27-0.0 0.3-0.0 0.30-0.04
Summary
Acknowledging that the flowing PHI-TECII tests by themselves are insufficient to 
properly rank reservoirs for air injection process and further these tests need to be 
confirmed by higher pressures comparable to the real reservoir conditions. It was also
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noted that a reliable screening approach must take into account a detailed analysis with 
specific reservoir data together with data from combustion tube tests concerning 
stoichiometric and design parameters for air flux requirement and front stability.
The experimental results reported here indicate most o f these crude oil tested is 
sufficiently reactive at near reservoir conditions (initial reservoir temperature). High 
oxygen utilization and generation o f high percentage o f immiscible or miscible gas 
(CO2+N2) were observed at lower temperatures. These first stage experiments are a 
positive indication o f the potential viability o f the air injection process for oils A, C, D 
andE.
The ignition behavior o f oil C can be observed in Figure 6.74. It characterized by the 
lowest ignition temperature at which a sustained energy generation began with a strong 
and continued transition to higher temperatures. The onset of reaction started at 97 °C, 
which is below the reservoir temperature o f 116 °C for this oil (i.e., it is likely to self- 
ignite upon air injection). The SHR, as develops into the LTO reactions, which has an 
endpoint 260 °C and an activation energy o f 146 KJ/gmole. The HTO reaction is 
underway by 264 °C and continues past 500 °C. These results mean that if  LTO is the 
resulting combustion mode in the reservoir, the peak temperature is unlikely to exceed 
approximately 250 °C; if  HTO is the dominate combustion mode, peak temperatures are 
likely to exceed 250 °C. The HTO is more likely for this oil as this oil showed the high 
reactivity during high temperature region and had the highest maximum temperature 
compared to the other candidates. This attributed to a significant proportion o f its 
reactive hydrocarbon fraction remained following the low temperature peak. Theses 
results were confirmed by the gas analysis. The gas analysis profile (see Figure 6.77) 
showed important CO2 production at high temperature with a typical gas composition 
of: 12% CO2 , 3% CO, 4% O2 and 81% N2, at 430 °C. This gas composition showed that 
an efficient flue gas generation, in terms o f carbon oxide gases content, could be 
generated in C field at high temperature. The extraction and the solubility o f CO2 in 
crude oil at high reservoir pressures is believed the main factor responsible for higher 
recovery can be obtain with LOAI. Solubility o f CO2 in crude oil results in swelling and 
reduces oil viscosity, factors that favor oil mobility and recovery during gas injection. 
The combustion parameter were also consistent with these observations, m-ratios of
0.27 to 0.0, were obtained in the temperature range investigated (97-500 °C). Apparent 
atomic hydrogen to carbon ratios from 2.6 to 1.3 was measured in the considered
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temperature range. These values were a little bit higher than what was obtained in the 
other runs.
The SHR data and flue gas analysis suggested that the oil C is an attractive reservoir for 
air injection process and ranked as the first candidate among other oils. The oil C 
demonstrated favorable exothermic behavior in the low temperature range with lower 
activation energy and low orders of reactions (the conditions typically favoring auto­
ignition) and smooth transition from auto-ignition to high temperature levels. The 
exotherm was detected at lower than the reservoir temperature 116 °C and registered the 
highest maximum temperature. It also showed good oil reactivity with air at reservoir 
conditions (80% oxygen utilization) and generated the highest percentage o f CO2 (12 
%).
Both oils A and D demonstrated an almost identical behavior and showed good 
potential for air injection process. Further, both reservoirs have a relatively high initial 
reservoir temperature compared to the reservoir E, which has a quite low temperature.
In fact, most o f experimental work during this research was conducted on oil D. This oil 
in the presence o f rock material produced a strong exothermic response at relatively low 
temperatures. This confirms the relative impact o f the core material o f reservoir D on 
O2 uptake. Between the all oils, oil D had a lower ignition temperature in many other 
experiments sets, the extremely fast LTO reaction rates between 250-300 °C were not 
captured by the data acquisition system in many occasions. The exothermicity trend for 
oil D was less affected by the presence o f water than the other oils (section 6.3). This is 
a positive result for it indicates that both oils A and D could be potential candidates for 
the high-pressure air injection process.
Mathematical fit o f the flowing and closed PHI-TECII experimental data for D oil 
(Tests D23 and D25, conducted in the presence o f sand, see section 5.8) produced an 
order o f reaction with respect to the oil concentration o f 1, an activation energy o f 195 
kJ/gmol, and an Arrhenious frequency (or pre-exponential) factor o f 7.3 E+12 sec-1. 
The quantities can be used as an initial basis for specifying the oxidation reaction 
kinetics.
Oil E, the temperature o f 92 °C, from which a significant heat release at 100 bar test of
0.02 °C/min was observed (section 6.7), remains higher than the reservoir temperature 
estimated in the range 70-80 °C. However the intrinsic thermal losses o f the apparatus 
does not yet allow to measure the heat release at such lower temperatures, which should
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be lower than 0.02 °C/min in laboratory conditions. Furthermore, this laboratory 
constraint does not mean that a self-ignition of the oxidation reactions is not expected in 
the E field. The higher pressure (reservoir pressure ~ 350 bar) experiments have to be 
performed and is expected to accelerate the auto-ignition temperature as discussed in 
section 6.7.0nce the oxidation reactions adiabtically tracked, the Ekofisk reservoir oil 
showed a good reactivity with a temperature increase from T=92 °C, to T=475 °C in 5.5 
hours. The temperature limitation at 475 °C is inherent to a lack o f fuel in the sample 
cell.
For this oil, based on results presented in section, similar test at higher pressure is 
recommended to confirm if  the auto-ignition can readily take place in such low 
temperature conditions i.e. 70 °C upon air injection.
Oil Au exhibits a poor reactivity at low temperature and could not sustain the 
combustion reactions. Further, the gas analysis showed a high percentage o f oxygen 
produced and low level o f generated flue gases. Therefore, this reservoir appears to be 
less attractive a candidate for air injection.
6.10 SCREENING CRITERIA
This research has been carried out on the oxidation kinetics and exothermicity o f crude 
oils. The screening criteria must accordingly be tailored to rank oils on the basis o f the 
attractiveness o f the reaction kinetics based on effects o f the different parameters 
studied. After a successful evaluation o f a candidate oil and reservoir based on the 
oxidation kinetics screening criteria, the displacement efficiency and fluid flow 
phenomena o f the reservoir must then be taken into account and assessed.
The screening criteria for air injection process can be established from the experimental 
results and the literature survey on successful field project (chapter2).
1. Experimental Results
Based on the experimental results and factors affecting the exothermicity and reaction 
kinetic parameters especially the occurrence of auto-ignition are listed below based on 
their priority:
(1) Initial Temperature: A high reservoir temperature is critical because without it 
the oil will not auto-ignite when the air is injected. Low reservoir temperatures < 
80 °C could reduce the possibility of spontaneous ignition taking place, or it
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might take a very long time unless artificial ignition is used, which would 
increase the cost.
(2) The Degree o f Adiabaticity: When the thermal losses through the rock to the 
surrounded formations are high this may delay or prevent the occurrence o f self­
ignition.
(3) Oil/Rock ratio: Low porosity matrix reservoirs are unfavorable for air injection 
process due to heat losses in the matrix. In addition, the oil deposits should be 
enough to sustain the high temperature wave.
(4) Oil/Water Ratio: The water-flooded reservoirs are expected to be required 
longer delay time and lower levels o f temperatures and the oil/water threshold 
value found be oil specific. Therefore, the air injection process for poor crude oil 
reactivity with high water saturation in a potential reservoir may not be possible.
(5) Reservoir Pressure: Reservoir pressure should be also considered in the 
screening process. Results show that the pressure is expected to have a positive 
effect for the air injection process, i.e. auto-ignition occurs at lower temperature, 
higher oxygen utilization and more fuel is available to sustain the propagation o f  
the combustion front.
2. Ongoing Air Injection Projects
Any developed screening model must be tested against successful field cases to 
determine its effectiveness. The major field applications o f air injection into oil 
reservoirs have been detailed in chapter 2. It is important to retroactively evaluate each 
of these reservoirs using the screening criteria detailed in the model to test the 
efficiency o f the model. The most important feature o f these projects is the high 
reservoir temperature and sufficiently reactive crude, which facilitates the initiation o f  
the process by spontaneous ignition. Air injection has been used as a secondary 
recovery method in cases where water injection was not effective, or desirable. It has 
also been used as a tertiary recovery method to improve oil production after water 
flooding. The air was selected as an injectant rather than previous common EOR gases 
such as hydrocarbon gases, CO2 and N2 mainly for availability and economic reasons. 
The process has implemented in two principal modes: (a) the conventional drive 
process, in which a combustion front displaces the oil horizontally, and (b) a drainage 
process, in which the injection o f air into dipping reservoir causes gravity drainage.
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To conclude, successful project development requires (1) accurate reservoir 
characterization to recognize the IOR potential, particularly regarding trapped oil and 
attic oil. (2) Laboratory screening studies on oil reactivity and gas displacement 
efficiency to determine a suitable reaction model and relative permeability curves for 
simulation. (3) Detailed reservoir-engineering simulation to accurately predict 






7. CONCLUSIONS AND RECOMMENDATIONS
The main conclusions arising from this study are as follows:
1. The flowing PHI-TECII test overcomes the potential rupture problem o f a closed 
system, because the oxygen pressure is kept constant throughout the experiment. 
This modification therefore allows experiments which are closer in performance to 
the real reservoir situation. It is also possible to analyse the produced gases on-line, 
enabling more reliable calculation o f the reaction kinetics. In addition, the relation 
between the self-heat rate and oxygen consumption rate as a function o f temperature 
can be obtained.
The experimental conditions that were found have a significant effect on the 
adiabatic state are type o f test cell, air flow rates and pressure. Sources o f errors 
were minimized during the experiments by implementing heat loss compensation 
(HLC).
2. The factor that ties together results from the PHI-TEC II, combustion tube or a 
reservoir is the <|) factor, because it is o f a similar order for each system. For the PHI- 
TECII, the <|) factor is in the range o f 2-3. However, the <|>=1 the theoretical ideal 
value, is closer to real situation in an oil reservoir, it would be equivalent to a 
sample cell mass o f zero, infinite oil reservoir volume, for a perfect adiabatic 
condition. In practise, this implies that the onset o f reaction and autoignition 
temperatures determined in the laboratory may be lower in the reservoir. From the 
experiments the onset o f reaction was 109, 161, 97, 121 and 115 °C and auto­
ignition temperature was 184, 202, 169, 180 and 188 °C for Oils A, Au, C, D and E, 
respectively.
3. Based on the flue gas data and self-heat rate (SHR) profile, the exotherm obtained 
generally exhibits two regions. Firstly, a low temperature oxidation (LTO) region 
extending to about 250-270 °C, followed by a high temperature oxidation (HTO) 
region extending to 500 °C, or more. Boundaries between the LTO regime and full 
in situ combustion HTO regime were identified and the relevant kinetic parameters 
for each regime were evaluated.
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4. A region was observed in some o f the experiments during in which there was a 
decrease, or discontinuity, in the self-heat rate (SHR), following the LTO region. 
This region is so called the negative temperature gradient region (NTGR). 
However, it was found that the discontinuity in the exotherm it could have been 
caused by either a very low reaction, or possibly inability o f the PHI-TECII system 
to accurately follow very high self-heat rates, greater than 200 °C/min.
In a closed system, the discontinuity o f SHR profile may also be caused by a 
shortage o f oxygen at the start o f the HTO.
5. The non-reservoir matrix (sand) acts as a heat sink, delaying the onset o f reaction 
until higher temperatures are reached. In general, the exothermicity was strongly 
affected by the surface area o f the matrix, producing a shift from higher to lower 
temperatures. The effect o f crushed reservoir rock containing oil and water is that it 
improves mass transfer due to greater surface area o f contact, also possibly because 
of a catalytic effect.
6. The effect o f oil saturation is to increase the reaction rate and also the maximum 
temperature o f the exotherm. The onset o f reaction and auto-ignition temperature 
were significantly affected by the oil saturation: specifically, a high oil saturation 
(>30%), the onset o f reaction was detected at lower temperatures, the self-heating 
rate values were greater, and then there was also a smooth transition from LTO to 
HTO.
7. The presence o f water (high water oil ratio) shifts the onset o f reaction and auto­
ignition to higher temperatures, but reduces the maximum temperature attainable. 
Therefore, depleted oil reservoirs, having lower water saturation may offer a better 
prospect for achieving a lower spontaneous ignition.
8. Crude oil/rock ratios less than the threshold value (2.0-2.5-wt%) do not exhibit any 
favourable surface area effect. Rather the reservoir matrix behaves as a heat sink, so 
that lower self-heat rates and longer reaction times apply. As a general observation, 
the insitu combustion process does not appear feasible for extremely low porosity
265
matrix reservoirs; since porosity is directly related to heat losses within the matrix 
and the oil content.
9. ARC tests up to 100 bar indicate that the onset o f reaction and auto-ignition should 
occur at lower temperature, as the total pressure increase. Increase in pressure also 
caused a significant increase in the self-heat rate and maximum temperature. The 
NTGR also disappeared, which means that the LTO and HTO region merge 
together. The effect may be attributed to acceleration, or increased rate o f the 
combustion reaction due to increase in oxygen partial pressure.
10. Self-heating rate (SHR) is strongly affected by air flux producing higher SHR’s for 
both LTO and HTO regions at high air flux values. However, there should be a 
critical flux beyond which an increase will not increase the SHR.
11. The SHR’s for Oils A, C and D suggest that the respective reservoirs are potentially 
good candidates for air injection, because the onset o f reaction occurs at temperature 
lower than the reservoir temperature and the high percentage o f CO2 in the ‘flue 
gas’, which indicates stable HTO. Oil E requires further evaluation at higher 
pressure because it has a low reservoir temperature. However, Oil Au exhibited poor 




1. Calibration o f the PHI-TECII apparatus, in order to minimise heat losses was both 
time consuming and expensive. It is recommended that the reactor should equipped 
with an air preheater at the reactor entrance, to heat the air to the internal sample cell 
temperature. In this way, air enters the sample cell are at the same temperature, so 
that no heat losses by convection occur and more effective adiabatic condition can 
be achieved. This modification may allow lower temperature for the onset o f  
reaction to be detected.
2. The recording o f flue gas analysis (FGA) data should be coupled to the phi- 
software. This will produce more accurate relationship between the produced gas 
composition and self-heat rate data.
3. The effect o f physical parameters oil, water saturations at higher pressures up to 350 
bar should be investigated.
4. Further experiments are needed to investigate the effect o f a wider range o f oxygen 
concentration, 10-30%, in order to determine more precisely the influence o f oxygen 
partial pressure.
5. More extensive study should be made o f the effect o f the lithology o f different 
reservoir rocks on the exothermicity characteristics o f crude oil.
6. The use o f consolidated core material in air injection experiments is desirable for 
purposes o f better simulating reservoir conditions. Use o f consolidated core will 




AH = heat o f reaction (J)
AT = temperature rise
ATad = adiabatic temperature rise
Ar = Arrhenius pre-exponential factor
C = Carbon
Cf = concentration o f fuel (oil) at any time
Cfo = initial concentration o f oil
CO = Carbon monoxide
CO2 = Carbon dioxide
Cp = specific heat capacity (J/g K)
CT = the total carbon present as a fuel at the start o f the
oxidation.
Ct = the carbon concentration o f the reacting fuel at
particular oxidation time. 
dT/dt = self-heat rate (°C/min)
Ea = activation Energy (KJ/mol)
k = specific reaction rate constant
k* = pseudo-zero order rate constant
m = reaction order with respect to oxygen
m* = fraction of carbon oxidized to carbon monoxide
mb = mass o f sample cell (gm)
ms = mass o f reactants (gm)
N  = Number o f mole
n = reaction order with respect to oil concentration
O2 = oxygen
P = pressure (bar)
P0 2  =  oxygen partial pressure (bar)
qi = injected gas rate cc/min
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qo = produced gas rate cc/min
R = gas constant (8.314 j mol'1 K'1)
S = Saturation
t = time
T = temperature (K)
Tf = maximum temperature reached by the sample(K)
Tmr = temperature o f maximum rate
tmr = time o f maximum rate
Ts = temperature at the start o f the reaction (K)
V = volume (cc)
x = temperature or pressure regression analysis (K or bar)
x* = atomic hydrogen-carbon ratio
Y = Gas concentration
Creek Symbols
<|> = phi-factor
vo = nitrogen concentration in the produced gas, mole %
yo = oxygen concentration in the produced gas, mole %
Vi = nitrogen concentration in the produced gas, mole %
Yi = oxygen concentration in the produced gas, mole %
Abbreviations
API = American Petroleum Institute
ARC = Accelerating Rate Calorimeter
BBL = barrels o f liquid
BOPD = barrels o f oil per day
CT = Combustion tube
DDP = Double displacement process
DSC = Differential Scanning Calorimetry
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DTA = Differential Thermal Analysis
DTG = Differential thermogravimetric Analysis
EGA = Evolved gas analysis
EHTO = Energy released during high temperature oxidation
ELTO = Energy released during low temperature oxidation
EOR = Enhanced oil recovery
GSGI Gravity stabilized gas injection
HEL = Hazard Evaluation Laboratory
HPAI = High Pressure Air Injection
HTO = High temperature oxidation
IOR = Improved oil recovery
ISC = In situ combustion
LOAI = Light Oil Air Injection
LTO = Low temperature oxidation
NTGR = Negative Temperature Gradient Region
O/R = Oil Rock Ratio
OAV = Oil Water Ratio
OOIP = Original oil in place
PD = Pressure difference (Sample cell pressure -  vessel pressure)
SCF — standard cubic feet
TG/TGA = Thermogravimetric Analysis
WAG = Water alternating gas
WTM = Wet test meter
270
12. REFERENCES
Abu-Khamsin, S.A., Brigham, and W.E., Ramey, H.J., Reaction Kinetics o f Fuel 
Formation for In-Situ Combustion”, SPE Res. Eng. Nov. 1988, pp. 1308-1316. 
Alexander J.D., Martin W.L., Dew J.N., “Factors Effecting Fuel Availability And 
Composition During In Situ Combustion”, Journal o f Petroleum Technology, October, 
1962, p p l154-1164.
Al-Saffar, H., Price, D., Soufi, A. and Hughes, R., ’’Distinguishing Between 
Overlapping Low Temperature and High Temperature Oxidation Data Obtained from 
a Pressurized Flow Reactor System Using Consolidated Core Material” Fuel 79 
(2000) 723-732.
Babu, D.R. and Cormack, D.E., “Effect o f Low Temperature Oxidation on the 
Composition o f Athabasca Bitumen” Fuel (June 1984) 63.
Bae, J.H, “Characterisation o f Crude Oil for Fireflooding Using Thermal Analysis 
Methods,” Soc. o f Pet. Eng. J. (Jun 1997) 211-217.
Bagsi, A.S., KoK, M.V., Okandan, E., “Combustion Reaction Kinetics in Limestone 
Containing Heavy Oils” Soc. O f Pet. Eng. J., March 1987, pp. 405-410 
Belkharchouche, M., Hughes, R., Price, D., “Pressurized Differential Scanning 
Calorimetry Studies o f Heavy Oils and their Relevance to In-Situ Combustion” 4th 
UNITAR/UNDP Internal Con. On Heavy Oil and Tar Sand, (ASTRO), Edmonton, 
Canada, 7-12 August 1988,Vol. 4.
Benham, A.L. and Poettmann, F.H. “The Thermal Recovery Process-An Analysis o f  
Laboratory Combustion Data” Trans., AIME (1958) 213,406-408.
Bousaid I.S., Ramey H.J., “Oxidation o f Crude Oil in Porous Media”, Society of 
Petroleum Engineers Journal, June, 1968, pp l37-148
Burger J., Sourieau P., Combamous M., Thermal Methods o f Oil Recovery 1985, 
Editions Technip, Paris, 1985, pp247-307.
Burger, J.G., and Sahuquet, B.C., “Chemical Aspects o f In-Situ Combustion -  Heat 
of Combustion and Kinetics”, SPE 3599 was presented at SPE 46th Annual Fall 
Meeting, held in New Oreans, Oct 3-6,1971.
Burger, J.G.: “Spontaneous Ignition in Oil Reservoirs” SPEJ (April 1976) 73-81.
271
Clara, C., Durandeau, M., Quenault, G. and Nguyen, T.: “Laboratory Studies for 
Light Oil Air Injection Projects: Potential Application in Handil Field”, SPE 54377, 
This paper was prepared for presentation at the 1999 SPE Asia Pacific Oil and Gas 
Conference and Exhibition held in Jakarta, Indonesia, 20-22 April 1999 
Clara, C., Zelenco, V., Schirmer, P. and Wolter, T.: “Appraisal Of the Horse Creek 
Air Injection Project Performance”, SPE Paper 49519, The 8TH Abu Dhabi 
International Petroleum Exhibition & Conference, Abu Dhabi, United Arabian 
Emirates, October 11-14,1998.
Dabbous, M. K., and Fulton, P. F., “Low-Temperature Oxidation Reaction Kinetics 
and Effect on The In-Situ Combustion Process” Soc. o f Pet. Eng. J., (June 1974), pp 
253-262.
Drici, O., and Vossoughi, S., “Study o f the Surface Area Effect on Crude Oil 
Combustion by Thermal Analysis Techniques,” J. Pet. Tech. (April 1985) 37,731-735. 
Dubdub, I., Hughes, R., and Price, D., “Kinetics o f In Situ Combustion o f Athabasca 
Tar Sands Studied in A Differential Flow Reactor”, Trans IchemE Vol. 68, Part A, 
July 1990, pp 342-349.
Fassihi, M., Brigham, W.E., and Ramey, H.J., “Reaction Kinetics o f In-Situ 
Combustion: Part 1-Observations”, Soc. o f Pet. Eng. J., August 1984, pp 399-407. 
Fassihi, M., Brigham, W.E., and Ramey, H.J., “Reaction Kinetics o f In-Situ 
Combustion: Part 2-Modeling”, Soc. o f Pet. Eng. J., August 1984, pp 408-414.
Fassihi, M.R. and Gilliham, T.H., “The Use o f Air Injection to Improve the Double 
Displacement Processes”, SPE 26374, 68th Annual Technical Conference and 
Exhibition, Houston, Texas, October 3-6,1993
Fassihi, M.R., Brigham, W.E., and Ramey, H.J., “The Frontal Behaviour o f In-Situ 
Combustion”, SPE 8907, SPE California Regional Meeting, Los Angeles, California, 
9-11 April 1980.
Fassihi, M.R., Yannimaras, D.V., and Kumar, V.K. “Estimation o f Recovery in Light 
Oil Air Injection Projects”, SPE 28733,the SPE International Conference and 
Exhibition of Maxico, Veracruz, Maxico, October 10-13,1994.
Fassihi, M.R., Yannimaras, D.V., Westfall E.E., and Gillham T.G. “Economics o f  
Light Oil Air Injection Projects”, SPE 35393, the 1996 SPE/DOE 10th Symposium on 
Improved Oil Recovery, Tulsa, OK, April 21-24,1996.
272
Fraim, M.L., Moffitt, P.D., and Yannimaras, D.V., “Laboratory Testing and 
Simulation Results for High Pressure Air Injection in a Waterflooded North Sea Oil 
Reservoir”, SPE Paper 38905, Presented at 1997 SPE Annual Technical Conference 
and Exhibition held in San Antonio, USA, 5-8 October 1997.
Gates, C.F. and Holmes, P.G. ’’Thermal Well Completions and Operation,” paper 
PD1 lpresented at the Seventh World Pet Cong., Maxico City, 1967.
Germain, P. and Geyelin, J.L. “Air Injection into a Light Oil Reservoir: The Horse 
Creek Project”, SPE 37782, the SPE Middle East Oil Show, Bahrain, March 15-18, 
1997.
Gillham, T.H., Cerveny, B.W., Turek, E.A., and Yannimaras, D.V. “Keys to Increase 
Production Via Air Injection in Gulf Coast Light Oil Reservoirs”, SPE 38848, the SPE 
Annual Technical Conference and Exhibition, San Antonio, Texas, October 5-8,1997. 
Greaves M., Tuwil A., “Horizontal Producer Wells in In-Situ Combustion (ISC) 
Processes”, CIM/AOSTRA, Pet. Soc. o f Tech. Meeting, Banff, Canada, April 21-24, 
1991
Greaves, M., Osindero, A.O., and Rathbone, R.R., “Influence o f Reservoir Rock and 
Fluids on Crude Oil Oxidation Using An Accelerating Rate Calorimeter” Trans 
Ichemical, Vol 78, Part A, July 2000.
Greaves, M., Rathbone. R.R., and Osindero, A. O.: “Air Injection into Light Oil 
Reservoir -  Exothermicity and Kinetics o f Crude Oil Oxidation”, Progress in mining 
and oilfield chemistry, Vol. 2.Aug. 1999
Greaves, M., Ren, S.R. and Rathbone, R.R.: “Air Injection Technique (LTO Process) 
for IOR FROM Light oil reservoirs: Oxidation Rate and Displacement” SPE Paper 
40062, the 1998 SPE/DOE Improved Oil Recovery Symposium, Tulsa, Oklahoma, 19- 
22 April 1998.
Gunawan, S. and Caie, D.,”Handil Field: Three Years o f Lean Gas Injection in 
Waterflooded Reservoirs”, SPE 57289 presented at 1999 SPE Asia-Pacific IOR 
Conf., Kuala Lumpur, October 25-26,1999.
Hansel, J.G., Benning, M. A., and Fembacher J. M. “ Oxygen ISC for Oil Recovery: 
Combustion Tube Tests”, J Pet. Tech., July 1984. Pg. 1144
Hazard Evaluation Laboratory (HEL)”PHI-TEC Operating Manual Volume 1 
Hardware Details” June 1997.
273
Hazard Evaluation Laboratory (HEL)”PHI-TEC Operating Manual Volume 2 Real 
Time Testing Software (PHI)” June 1997.
Hughes, R., Kamath, V.M., and Price, D., ’’Kinetics o f In-Situ Combustion for Oil 
Recovery”, Chem Eng. Res. Des. Vol. 65, (January 1987) 23-28.
Hvizdos, L. J., Howard, J. V., and Roberts, G.W., “ Enhanced Oil Recovery Through 
Oxygen Enriched In-Situ Combustion: Test Results From the Forest Hill Field in 
Taxas”, J Pet Tech, June 1983.
Kazi, R.A., Al-Saffar, H.B., Price, D., and Hughes, R., “High-pressure Flow Reactor: 
Design and Application to Pertinent Oil Recovery Studies” Energy & Fuels, An 
American Chem. Soc. J., Vol. 14. Number 3, May/June 2000, Pg. 519-525 
Kharrat, R., and Vossoughi, S., “Feasibility Study o f the In Situ Combustion Process 
Using TGA/DSC Techniques”, Society o f Petroleum Technology, August 1985, pp
1441_1445.
Kisler, J.P., and Shallcross, D. C., “ An Improved Model For the Oxidation Processes 
o f Light Crude Oil” Trans IchemE, Vol 75, Part A, May 1997.
Kisler, J.P., and Shallcross, D.C., “The Effects of Metallic Catalysts on Light-Crude- 
Oil Oxidation”, IN SITU, 20(2), 137-160 (1996).
KOK, M.V., “High Pressure DSC Applications on Crude Oil Combustion”, Energy 
and Fuel 1997,11,1137-1142
KOK, M.V., and KARACAN, O., “Pyrolysis Analysis and Kinetics O f Crude Oils” 
Journal o f Thermal Analysis, Vol. 52 (1998) 781-788.
Kuhlman, M.I., ’’Simulation o f Light-Oil Air Injection into Viscous-Dominated and 
Gravity-Stable Reservoirs”, SPE 59331 presented at 2000 SPE/DOE IOR Sump, 
Tulsa, April 3-5,2000.
Kumar, V.K., Fassihi, M.R. and Yannimaras, D.V. “Case History and Appraisal o f  
the Medicine Pole Hills Unit Air Injection Project”, SPE Reservoir Engineering, 
August 1995.
Lukyaa, A.B.A., Hughes, R., Millington, A. and Price, D. “Evaluation o f a North Sea 
Oil Recovery by ISC Using High Pressure Differential Scanning Calorimetry”, Trans 
IchemE, Vol. 72 Part A, March 1994.
274
Mamora, D.D., “New Findings in Low-Temperature Oxidation o f Crude Oil”, SPE 
paper 29324, presented at the SPE Asia Pacific Oil & Gas Conference held in Kuala 
Lumpur, Malaysia, 20-22 March 1995.
Martin, W.L., Alexender, J.D. and Dew, J.N., “Process Variables o f In-Situ 
Combustion” Trans., AIME (1958) 213,28-35.
Miller, R.J., "Koch's Experience With Deep In Situ Combustion in Williston Basin" 
Key Note Address at the Forum on Field Applications o f In situ Combustion- Past 
Performance/Future Application, Tulsa, April 21-22,1994.
Moore R.G., Laureshen C.J., Ursenbach M.G., Mehta S.A., and Belgrave J.D.M., 
“Combustion/Oxidation Behaviour O f Athabasca Oil Sands Bitumen” SPE Reeservoir 
Eval. & Eng., Dec 1999. PP 565-572
Moore, R.G., Belgrave, J.D.M., Mehta, R., Ursenbach, M., Laureshen, C.J., and 
Kejia, Xi. “Some Insights Into the Low-Temperature and High-Temperature In-Situ 
Combustion Kinetics”, SPE/DOE paper 24174, presented at the SPE/DOE Eight 
Symposium on Enhanced Oil Recovery held in Tulsa, Oklahoma, April 22-24,1992. 
Moore, R.G., Mehta, S.A., Ursenbach M.G. and Laureshen, C.J. “Strategies for 
Successful Air Injection-Based IOR Processes” Presented at the 7th International 
Conference On Heavy Crude and Tar Sands, Beijing, China, October 27-30, 1998, 
Paper No.135.
Moore, R.G., Sarma, H.K., Yazawa, N., Mehta, S.A., Okazawa, N.E., Ferguson, H., 
Ursenbach, M.G., “Screening o f Three Light-Oil Reservoirs for Application o f Air 
Injection Process by Accelerating Rate Calorimetric and TG/PDSC Tests” Canadian 
International Petroleum Conference, 2001.
Ouarada, D., and Vossoughi, S., “Study o f the Surface Area Effect on Crude Oil 
Combustion by Thermal Analysis Techniques” Journal O f Petroleum Technology, 
Aprill985. 731-735
Phillipe, C.R., and Hsich, H.C., “Oxidation Reaction Kinetics o f Athabasca Bitumen” 
Fuel, Vol. 64, July 1985, pp. 985-989.
Prates, M.,“ Thermal Recovery”, Monograph volume 7, Henry L. Doherty Series. 
SPE, Pages 1-15,1986.
275
Ramey, A., and Ottaway, M., “The Use o f High Pressure DTA, Heat Flow and 
Adiabatic Calorimetry to Study Exothermic Reactions” Journal o f Thermal Analysis, 
vol. 37(1991) 1965-1971
Ranjbar, M. “Influence o f Reservoir Rock Composition on Crude Oil Pyrolysis and 
Combustion” presented at the 10th International Conference on Fundamental Aspects, 
Processes and Application o f Pyrolysis, Hamburg, Germany, 28/09-02/10, 1992. (87- 
95).
Ranjbar, M., “Improvement o f Medium and Light Oil Recovery with 
Thermocatalytic In-Situ Combustion”, Journal o f Canadian Petroleum Technology, 
October 1995, Vol. 34, No.8, pp. 25-30.
Rao, N.S., Roychaudhury S., Sur, S., Spakal, A.V., Guta, K.K., Sinha, S.K.,”Results 
of Spontaneous Ignition Test In Balol Heavy Oil Field” SPE Asia Pacific Oil and Gas 
Conf., Kuala, Lumpur, Malaysia, April 14-16,1997.
Rashidi, F., Bagci, S., “Effect o f Pressure and Clay Content on Combustion Kinetics 
of Heavy Oil in Limestone Medium” 5th UNITAR IOR Conference on Heavy Crude & 
Tar Sands, August 1991.
Ren, S.R., Greaves, M., Rathbone, R.R., “Oxidation Kinetics o f North Sea Light 
Crude Oils at Reservoir Temperature”, Trans IchemE, July 1999, Vol. 77, Part A. 
Roger J. and Demir E. “ Prediction O f Spontaneous Ignition In In-situ Combustion”, 
SPE 2383,1968.
Sakthikumar, S., Madaoui, K. and Chastang, J.: “An Investigation O f The Feasibility 
Of Air Injection into a Waterflooded Light Oil Reservoir”, SPE 29806, This Paper 
Was Presented at the SPE Middel East Oil Show held in Bahrain, 11-14 March 1995. 
Sempere, J., Nomen, R., Serra, R. and Gallice, F., “Determination o f Activation 
Energies by Using Different Factors <|> in Adiabatic Calorimetry” Journal o f Thermal 
Analysis and Calorimetry, Vol. 58 (1999) 215-223.
Shahani, G.H., and Gunardson, H.H., “Oxygen Enriched Fireflooding”, DOE/NIPER 
Symposium on In Situ Combustion Practices -  Past, Presented in Tulsa, Oklahoma, 
April 21-22,1994.
Shallcross, D.C., “Modifying the In-Situ combustion Performance by the Use o f  
Water-Soluble Additives” Paper SPE19485 presented at the 1989 Asia-Pacific 
Conference, Sydney, Australia, 15-16 Sept. 1989.
276
Singh, J, “Novel Process Application Using PHI-TEC II Adiabatic Calorimeter”, 
Journal o f Thermal Analysis and Calorimetry, Vol. 58 (1999) 193-200 
Snee, T.J., Barcons, C., Hernandez, H., and Zaldvar, J.M., “ Characterisation o f an 
Exothermic Reaction Using an Adiabatic and Isothermal Calorimetry” Journal o f  
Thermal Analysis, Vol. 38 (1992) 2729-2747.
Surguchev, L.M., Koundin, A. and Yanimaras, D. ”Air Injection- Cost Effective IOR 
Method to Improve Oil Recoveiy from Depleted and Waterflooded Fields”, SPE 
57296 presented at 1999 SPE Asia Pacific IOR Conf., Kuala Lumpur, October 25-26, 
1999.
Tadema, H.J. and Weijdema, J.: “Spontaneous Ignition in Oil Sands” Oil and Gas 
Journal (Dec. 1970) 77-80.
Tadema, H.J. and Weijdema, J.: “Spontaneous Ignition in Oil Sands” Oil and Gas 
Journal (Dec. 1970) 77-80.
Thomas, F.B, Moore, R.G, Bennion, D.W., “Kinetics Parameters For The High- 
Temperature Oxidation o f In-Situ Combustion Coke” J. Can. Pet. Tech., Nov.-Dee. 
1985 pp. 6067
Tiffin, D.L., Yannimaras, D.V., “The In-Situ Combustion Performance o f Light Oils 
As a Function o f Pressure (1000-6000 psig)” In Situ, 21, (1), 1997, 47-64 
Toil, J.C., and Whiting, L.F., “The Thermokinetic Performance o f an Accelerating 
Rate Calorimeter” Thermochimica Acta, 48 (1981) 21-42.
Townsend, D.I., and Tou, J.C., “Thermal Hazard Evaluation By an Accelerating Rate 
Calorimeter”, Thermochimica Acta, 37 (1980) 1-30
Turta, A.T. and Singhal, A.K.: “Reservoir Engineering Aspects o f Oil Recovery from 
Low Permeability Reservoir by Air Injection”, SPE 48841, the 1998 SPE International 
Conference and Exhibition, Beijing, China, 2-5 November 1998.
Verkoczy, B., Freitage, N.P., “Oxidation o f Heavy Oils and Their SARA Fractions- 
Its Role in Modelling In-Situ Combustion”, 7th Petroleum Conference o f The Sough 
Saskatchewan Section, The Petroleum Society o f CIM, Regina, 19-22 October 1997, 
97-167.
Vossoughi, S., Bartlett, G.W., and Willhite, G.P., “Prediction o f In-Situ Combustion 
Process Variables by Use o f TGA/DSC Techniques and the Effect o f Sand-Grain 
Specific Surface Area on the Process” Soc. o f Pet. Eng. J. (Aprill985) 656-664.
277
Vossoughi, S., Saim, S., “A Different Approach in Generating Kinetic Models for 
Crude Oil Combustion: Application to an In-Situ Combustion Process” AOSTRA 
Journal o f Research, Vol. 8,1992, ppl 31-139.
Vossoughi, S., Willhite, G.P., Kritikos, W.P., El Shoubary, Y., and Bartlett, G.W., 
“Study o f The Clay Effect on Crude Oil Combustion by Thermogravimetric and 
Differential Scanning Calorimetry” Soc. o f Pet. Eng. J. (April 1985) 493-502. 
Vossoughi, S., Willhite, G.P., Kritikos, W.P., Guvenir,I. M., and El Shoubary, Y., 
“Automatic o f an In-Situ Combustion Tube and Study o f the Effect o f Clay on the In- 
Situ Combustion Process” Soc. O f Pet. Eng. J. (Aug. 1982) 493-502.
Watts, B.C, Hall, T.F. and Petri, D.J. “The Horse Creek Air Injection Project: an 
Overview”, SPE 38359, the SPE Rocky Mountain Regional, Casper, Wyoming, May 
18-21,1997.
Wejdema, J., “Studies on the Oxidation Kinetics o f Liquid Hydrocarbons in Porous 
Media With Regard to Subterranean Combustion” Erdol & Kohel Erdgas Petroleum 
(Sept.1968) 520-526.
Wilson, L.A., Reed, R.L., Reed, D.W., Clay, R.R. and Henderson, J. H., “Fluid 
Dynamics During an Underground Combustion Process” Trans, AIME (1958) 213, 
146-154.
Yannamaras, D.V., Sufi, A.H., and Fassihi, M.R., “The Case o f Air Injection into 
Deep, Light Oil Reservoirs,” Proceedings o f Sixth European Symposium on IOR, 
Stanvanger, Norway, 21-23 May 1991, pp. 55-63.
Yannimaras, D.V., Tiffin, D.L., “Screening o f  oils for in situ combustion at reservoir 
conditions by accelerating-rate Calorimetry”, SPE 27791, SPE Reservoir Engineering, 
Feb. 1995, pp36-39.
Yoshiki, K.S., Phillips, C.R., “Kinetics o f  the Thermo-Oxidative and Thermal 
Cracking Reactions o f Athabasca Bitumen”, Fuel, 1985,1591-1596.
Zelenco, V., Solignac, F., “ Use o f Accelerating Rate Calorimeter in Reservoir Oil 
Selection for Air Injection process”, 7th Petroleum Conference, Sough Saskatchewan 
Section, Petroleum Society o f CIM, Regina, 19-22 October 1997.
278
